Photonic crystal fibers -:from theory to practice by Libori, Stig E. Barkou
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners 
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 
• Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 
• You may not further distribute the material or use it for any profit-making activity or commercial gain 
• You may freely distribute the URL identifying the publication in the public portal  
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
   
 
Downloaded from orbit.dtu.dk on: Dec 16, 2017
Photonic crystal fibers -
from theory to practice
Libori, Stig E. Barkou; Bjarklev, Anders Overgaard
Publication date:
2002
Document Version
Publisher's PDF, also known as Version of record
Link back to DTU Orbit
Citation (APA):
Libori, S. E. B., & Bjarklev, A. O. (2002). Photonic crystal fibers -: from theory to practice.
    
	       ﬀ
 ﬁﬃﬂ    !    "#	$"
	%
&('*),+-)/.'10325462
798;:,<$=?>A@CBEDGFIHKJML1:ONPHQDR:
SUTWVYX[ZE\[]^5_%VG^a`5]a\bQcedf]5gChjilknmpoqksrutpvxwey{zY|~}~ietpku,Gi;tUeqkvŁYkslkvx}tpzYvs
mpkkstilvzGwlGi}oevxmxy*9aoqkvxyksRtoqkv|WzYvxyksa9vxlAmatpvx}tifraek
 Ae¡YkvxmtOY£¢¤}YmpYz¥Phjilk1eqkv~
}YmAlv¦}s~*;*§
vamt}Y©¨KevkŁª¤«Yqq§zGwlvxtpksmp
¬A­h®jksmpks}vxr¦i*ª3«Y¯
°±
H©8aHQ²³:µ´¶DY·¸Y8aBQ¹¤º:,NP»fDR¸*¼º
DRHK½ ¾
±
»5HQDY·¿8;HÁÀÂDaBE´e8;:µ´e»
ÃiÄÆÅ¿tilksmm³hjieksmm
zY|
atjfÇ
}vÈYzGw*É©qzYvx
¨ekevxwe}vÊYËÌti£5ÊÍYÍGÊ
jksmpks}vxr¦iÎ§
ksRtpkvP§~Ï3Ð
h©ksr¦ieer}YÄ Pe¡Ykv¦mt,ÑzY|IÅAksfy}vÈ
ÉÄÒlY;YeÅPksey/}vÈ
hjilk3zYvÈÑofvksmpks;tpksCtiem
tilksmm

}Ym~r}vv¦kszGwltj}tjtiekUjksmpks}v¦rxi§
ksRtpkv
§jÏ3Ð!ÓÔ§
zGyy1wfer}tzGemseÏ¤oetrml}YeCÐ*}tpkvx}Ym6ÕÂof}vt}Y¯|ÖwefyksRtzY|Etilk
vks×awevksyks;tm³|WzYvjtilkÃØi£ÆÅŁ ØlkYvkk|WvzGy-tiektpksrxiefr}YÄ Pe¡Ykvxmt,ÂzY|
ÅPksey/}vÈ5
Ù5ÚqÛ©ÜÌÝ¦Þfßáà6âÒÝ[ãAä³Ý¦âaåÔÜÌà¦à6âÒÝ[æÄçèÝÌé³êÜÌëìqíKé~îŁí¯ïqÜÌÝ¦àŁð9ñ6ò;Ý6óeôWÜ¥Þ
õÑöQ÷ X¥\ÌceVYX
ÅPwevxlÂtiemPÃi£ÆÅŁqzYvÈ5Ä}tptpks;tzG?ie}Ym¤qkks*|ázÒrwempkszG?weflkvxmpt}Yefl/}Ye
}Ye}YaøslÂtilkyzaf}YEqksie}¥¡azYvPzY|yruvz,mtpvxwerutwlvks*eqkvxmUÐ*ruvz,mtpvxwerutwlvks
eqkvxm3}vkeqkvxm¤Ati(}CruzGyo5kuÎfksksrutpvxrŁtpzYoqzGzYYYK}Ye?zùqkvŁ};wey1qkv3zY|
lz¥¡Yks©o¯zGmxmftksmRruzGyof}vksCtpzÑmpt}Yee}vxmxr}Łf}YmpksCzYoetr}Y£eqkvxms
hjilkÂtilksmmŁ|WzarwfmpksmŁzGúweelkvxmt}YeeltilkÑ5}YmrÂyksrxie}YfmymèruzG;tpvzGe
tilkPyzae}YfoevzYoqkvtksmzY|©yruvxz,mptpvxwerutwlvxkseqkvxmÏ¤ekAyoqzYvt}Y;tmwel,r}YmmØzY|
yruvz,mptpv¦werutwlvksÑeqkvxm}vk¤eqkvxm9tie}t
GwelkAGiRt;Ñelkukuùqksrutmjmy/}v9tpz
tilzGmpkelkuCkuùqksrutm3tie}t¤ksemxwlvkŁGwee}YerukŁzY|GiRt¤mpt}Yee}vx*zYoetr}YQeqkvxms
Òwerxiyruvz,mptpvxwerutwevksf¯kv¦mU}vkntilkÂzGlksmyzGmptŁzY|Wtpkstpvks}tpksútpkvx}twlvxk
ruzGerukvxeeyruvxz,mptpvxwerutwlvxksûeqkvxmh~ilksmpk*y/ruvz,mptpvxwfrutwlvksûf¯kv¦mzùqkvn}
~ilzGkŁvx}YlYkŁzY|Ølz[¡YksQ}¥¡YkGweel/rxif}vx}Yrutpkvxmptrm£erwefltilkèoqzGmm5tO
zY|£eqkvxmItie}tØGwelk³zGe1zGlkPyzÒlk~vvxksmpoqksrut¡Yk³zY|£tilk~|Wvks×awlkseruŁzY|ÄGi;t;}Ye
lzGeeks}v~eqkvxm³AtiCøkvznemo¯kv¦mzGn
}s¡YkskslYtiÎks©¯ksz¥ýüsþÍYÍÂfy~hjiem
tilksmmØlksmruvxqksmItiek~|ÖweerutzGe}YtksmKzY|qtilksmpkPeqkvxmG}Ye/|WwevtilkvoqzG;tItpzèlz¥¡Yks
}oeofr}tzGC}vks}Ym¯mwerxi*}YmAek®kß/rks;t~f¯kvj}Yyofekv¦m³}YeCeqkvxmj~tiClk
o¯zGmxmftksmAtieemo¯kv¦mzGy}Ye}Yksyks;t ﬁilksúoqzG;tltpz¥
}vxlz¥¡Yks
o¯zGmxmftksmGtiektilksmm
Aq}tptpksyoetjtpz/zù¯kv~}oevzazY|©zY|IruzGerukoetev¦}tilkvjtie}Y
}YÒ,lkoetiC}Yf}YamxmftiawemAvkeksruteÑtilk1oevksmpks;t¤mpt}tpkèzY|ItilkŁ}vxtA~tietilk
}vks}zY|Kyruvz,mtpvxwerutwlvksnf¯kv¦m
ªAezYtilkvEyo¯zYvxt}YRt£mwle,r}YmmqzY|lyruvz,mtpvxwerutwlvks¤f¯kv¦m¯m£ofilzYtpzGerE5}YelG}o
eqkvxmÃilzYtpzGfrèf}YelG}o?f¯kv¦m3}vk|W}v1yzYvk/ruzGyo5r}tpks?tpzy/}Y;wl|Ö}YrutwlvkY
ruzGyof}vks/tpzUyruvz,mtpvxwerutwlvksèf¯kv¦mKtie}t9Gweek
GiRtIaèmyofkflku1kuùqksrutm
¯ksr}Ywfmpk~zY|Ämptpv¦lYks;t9vks×awevksyks;tmruzGfrukvxelUtilkjoqkvxzÒertOUzY|£tilkPr}Yeel
mptpvxwerutwlvxkzY|Øtilk/eqkvxmèhjilktilkzYvktr}Y9;¡YksmptG}tzG?zY|
tilksmkeqkvxm3m3}Ympz
yzYvkruzGyofkuqqtie}YtilkèR¡YksmtG}tzGzY|Øyruvz,mptpvxwerutwevksf¯kv¦mjtie}t¤Gweek
Gi;tAaCmyo5kUeekuCkuù¯ksrutmAz¥k¡YkvsÄo5ilzYtpzGerUf}YelG}oeqkvxmAzù¯kv3yzYvk
vx}Yer}YÒoqzGmmftksm[mwfrxi}Ym9ruzYvk~vkGzGemK~tiŁ}Ykuù¯ksrut¡YkAelkuŁtie}t9mIz[Økv
tie}Y(tilkÂmwlvvxzGweeeeÑkuùqksrut¡Yknr}YeeeCelkuajzGlkÑy/}sÎGwelkÑGi;t(}Yvp
}YeCemo¯kv¦mzGÂ×;we}Ytksmtie}t~eù¯kv³|WvzGy-qzYtintilzGmpkUzY|QflkuÑGweelèyruvz
mptpvxwerutwlvxksUeqkvxmE}YmQØksa}YmQ|ávxzGyÁtiekempoqkvxmzG¤oevxzYo¯kvxtksmÄzY|fmt}Yee}vx1zYoetr}Y
eqkvxm

		
OYkseeksylktptpkÃi£ÆÅ }vqkﬁﬀpekÂie}vèzYofyﬃﬂ
vÈÒmpzGyilkslks¡ﬂ
vktè|ázYÈÒwempkvxktŁo! }*}t
|ázYvxmt" }úzY}Ye}YÒmpkvk(ek(yzaf}Yk(m}Yyyksfi#ﬂ³lYk?yÈ;vzGmtpvxwlÈatwlvkvkslkeevxkY
ÐÈavzGmptpv¦wlÈ;twevkvkslkèeevxkŁkvUeevkyks?ks(ÈYzGyofkÈÒm3ekskÈatpvxmÈCtpzYoqzGzYG ÄzY
taalkv³ktj}Y;t}Y©;YkUyŁweGiekslkvsÒm}YyykseGlkt³yksC}Yy/elksYkAmptpkoelku
eevkY
~}oeoqzYvtpksè|WzYÈÒwempkvkvIo! }¤}t9|WzYvxmpt$ }¤lk³5}Ym}Yk³ykÈ}Yemykv¥GmpzGy¿ÈYzGRtpvxzGkvkv
yÈavzGmptpvxwlÈatwlvkvxkslkÎeevksmyzÒe}Yk?kYksfmpÈÌ}qkvs ﬁ¡ÒYtûweeekvYvxwloeoqkÎ}|
yÈavzGmptpvxwlÈatwlvkvxkslk3eevkUkvAefvkY5mpzGy kslkvPÒmj¡Ò}eekunkuùqkÈatpkv¤ykYktP
lkelkukuù¯kÈatpkvsQlkvUmÈavkv¤#%YYkskseeln}|
am3I}YyelksYk1zYoftmpÈYkeevxkY
& }Ye}Yelk3yÈ;vzGmtpvxwlÈatwlvkvkslkPeevxkAkv~ekYempzGyýzY|átpksmtjf¡Ykv
qksmpÈavk¡Yktj£tptpkv
}twlv3}Yl' }kselkyÈavzGmptpv¦wlÈ;twevkvkslkfevkY¤& }Ye}YelkŁyÈavzGmptpvxwlÈatwlvkvxkslkeevxk
taalkv1ks}Yevﬂ
ÈaÈYkÑ;YkÂ#%YYkskslksflkÈ}vx}È;tpkv¦mptÈ}ÒIlÈÒwem¡YkyŁweGieku
lks|WzYvefvkYRmpzGy%Èawe/weelkvxmt(%tptpkvks5weelksètmpt}YeÓÖyzÒlk[ÕKwf}YempktÒmpktm
#%YYks)ﬂ³eGlkYlm}YyUtAwelk*ﬂ³vkAfevk¤yksCawe£empoqkvxmxzG¡Yksksam#%YYks)ﬂ³eGlk
ktYzaltmptO;ÈaÈYkCweeekvÂüsþÍYÍ?eyC(ÅAksflk}|Wie}Yfel¯ksmÈ;vx¡Ykv1kYksemÈÌ}qkvxlk
¡YksŁm$ }Ye}YelkØeevk9zY¤oqkYkvQksel¡ÒlkvkyzaURYk³}Y;¡YkselksmpksmEzGyv+ }YekvQflksl|WzYv
zGyv+ }YlktQempoqkvxmzGem¯ÈYzGRtpvzGÔK¬, }vEekvER}|Öie}YeflYks¤oqkYksmÄo! }~;YkØyŁweGilksekv
¡a³ekttmptpvﬂ³¯ksmŁ}tt;ÒlkÂksúqksmpÈ;v¦¡Yksmpkn}|PyŁweGilkslks£9mf}vkvkkseks
l;£lk' }ksflk}Ye}YampkYŁm$ }Ykslksm}t?lktÎ;wl¡ﬂ
vksflkmpt}Ylkeeksl|ázYv*zGyv+ }Ylkt
yÈavzGmptpvxwlÈatwlvkvxkslk¤eevk3ilkv¡YksCvkekÈatpkvksm
}Yelksú¡ÒYtwfelkvYvxweoeoqkÂ}|3yÈavzGmptpv¦wlÈ;twevkvkslkefvkkv/|WzYtpzGempÈYk
! }YelG}fmÑeevxkYÁ¨lzYtpzGempÈYkÎ! }YelG}fmÑeevxkkv}YlYtÂykvkÈYzGyofrukvxkslk*}t
|ávksy/mptk/kseyÈavzGmptpvxwlÈatwlvkvxkslkeevxkY9lkvŁkslkvam1¡Yksúmyofk/flku(k|
|ákÈatpkvsKYvxweeektÈ;v¦}s¡YktŁzGy ksmtpvxlYks;tUoqkvxzÒemÈCÈÌ}ofo¯kmtpvxwlÈatwlv19fmmpkl
evkY¿ÅAkstpkzYvktmpÈYk?weelkvxm-%Yksmpk*}|1emmpk*eevk*kvÑzYGm$ }ykvk*ÈYzGyofrukvkt
kseûweeekvxm(%Yksmpkv¦lkC}|Py/È;vxzGmptpvxwlÈatwlvkvksekÂfevkY
lkv/kslkvam¡Yksmyo5k
elkukuù¯kÈatpkvs.µy/ekvt(taÒlkvè|ázYtpzGempÈYk! }YelG}5mèeevkykvknvx}YfÈÌ}Yk
y1weGilkslkvsEm$ }YmpzGy ÈYkv¦lkzGyv+ }YlkvŁyks(ktUkuù¯kÈat¡at1eekumpzGy kv1}¥¡Ykvk/kse
lktÑzGyG¡Ykselkkuù¯ksrut¡Yk?ÈÌ}oeoqkelkua1y}YÈ}YksekÒmÂAwe|át ŁzYempoqkvp
mzGemPkYksempÈ}qkvmpzGy }|W¡aYkv3! }YlkŁ|ávx}nlkty/}Y*5elkv3Kelku/%YYkskslkseek
yÈavzGmptpvxwlÈatwlvksekeevkm$ }¡YksAmzGy!|Wvx}fmpoqkvxmzGfmèkYksempÈ}¯kv¦lk*Ampt}Yee}vx
zYoetmpÈYkfevkY
(
021'3 4576-98:	!;<
ªAtiezGwlGiCtilkUoevksmpks;tA}YwltiezYv~t}ÈYksmP|WwfqvksmpoqzGemftOzY|ItilkUzYvÈnoevksmksRtpks
Âtiemtilksmmsatiekvk3}vk3mpzGyk3oqkzYofkA~ilzGyýtilk3}YwltilzYv³zGweÂÈYk¤tpzèkuÒoevksmm
mpoqksr}YÄYvx}ttwelktpz[}vxfm~¨KvxmptP}YeC|WzYvksyzGmt~oevzY|µjªPelkvxmAÇ'ﬀ}vÈÒk¡¯f~til
zGwlt¤~ilzGy tiemPzYvÈzGwelzYt3ie}s¡YkqkksoqzGmm5kYUÏP¡Ykv3tilkèYks}vxm=Pie}s¡Yk
ruzGykètpzneruvks}YmeGÑvxksmpoqksrutAYzGwlv3}ft,ntpznvksruzYGeøkŁtiek1oqzYtpks;t}Y©zY|o¯kz
ofkYÄvx}tiekvtie}Y,ﬀwemptzazYÈ*}tUtilksv3oevksmksRtUk¡YksIzY|}YrruzGyofmifyksRtmsèªPmpzl
YzGwlvØ}ft,1tpzUemofvkoqkzYofkjèYzGwlvØYvzGwlotpzUvks}YrxiÑtilksvIoqzYtpks;t}Yeie}Ym¯kks
yoqzYvt}Y;t1tpzÎtilkn
}s>Uie}s¡Yk|Wkstè}qzGwlt1zYvÈÒlÎtilknYvzGwloÓ?1ie}¥¡Ykn|ákst
Yz;zÒ5Õ¦
ØzGwf}YmzÈYktpzkuÒoevksmmÑyU}oeoevksr}tzGûtpz>@GksmÑÇvzakslljAilzie}Ym
}Y}¥am
qkksÂ}YÑempofv¦}tzGewlkAtpzŁifm9Yvks}t
kulrtpksyks;t³}Ye/ks;tiawem}Ymy ruzGÒ
rukvxeltiek3tpzYofr3zY|QofilzYtpzGer3ruvamt}Y£eqkvxm
ÃK}vtzY|tilkØzYvxÈÎtiekYvzGwlo(ie}Ym3qkksÎof}vxtrof}ten*tiekØzYvÈ~ti
mptwelks;tmAie}s¡YkÎykt/}}vYk*awey1qkvzY|3mptwelks;tm³~ilz(if}s¡Yk¯kks}Yl
mpofvx}tzGAtitieksvkuÒrtpksyksRt}YfrwevxzGmtOruzGerukv¦elÎyruvz,mtpvxwerutwlvks
eqkvxm
¨Ke}YYB³zGweÈYkUtpznkuÒoevksmmPYvx}ttwelkUtpzntilkŁoqkzYofk1~ilznie}s¡Ykèt}ÈYks
of}vt9ètilkjr}v¦l3zY|qyUrxiflvksŁ~ifkQie}¥¡YkjqkkslzGly1èÃ!1ÆÅ1RØzYvÈ¯&Ot
m©vxks}Ymmwlvxl~tpz¤ÈÒlz¥tie}tKtilk
rxiflvks1}vk
t}ÈYksr}vk
zY|OYAilksUkY lKtpvx}¥¡Yksl
}evzG}Y£Aaoqksr}YÄYvx}ttwelkŁm~fvksrutpksCtpz[}v¦*y1|ázYv¦ykvAA|ák}YfÐ*}vx}Yeek
ÇØv¦weie}YeÐ*}G}Y9¢Pvx}Y;t3}YmPØksQ}YmPtpz¥
}vx?y1rxielvksem~Yvx}Ye*of}vks;tmCOt
m¤erukŁtpzC¡Ykè*}ntykŁ}Yf}YkY©~ilkvkt¤mPoqzGmmfk|ázYv}nmlGkUo5}vksRt¤tpz
lz/mrks;tfrPvksmks}vxrxi£
(-
°EDF 6-
1 -4G<
Hq^¯Z©\_Ec#I
bEcfb9];\ ÷
¯ÆjÆÇ
}vÈYzGwÄJ@eÆÇØvxz;ksl(}YfúªUÆÇKﬀ}vÈak¡EL Òr}Ì,}YvŁofilzYtpzGerÂruvxampt}Yjeqkv
lksmGÂtie}t
oqkvxytmØ
}s¡YkGweflŁ;/}ŁtpvxwekAofiezYtpzGerAf}YelG}onkuùqksrutL¯ÏPoetrm
ÉÄktptpkvxm/MIzG  ÊONl5¬AzlüfofoÄPN+Q[RNRËa"ﬀ}Y;wf}vüS"S"S
¯ÆjÆÇ
}vÈYzGwÄG@lÆÇvzaksl}YeªUÆÇKﬀ}vÈÒk¡TL ¢¤wef}YerukCzY|3Gi;t/}YzGl}Y}Yv
ruzGwey(}ek r}YmxmzY|³zYoetr}YeqkvxmLKÅÏ¤ÃÒ¬:U3h3üVNlü6xüS"S"Sa oeo©üQ[OÊÒü
üS"S"S
@lÆÇvzaksll5¯Æ~ÆÇ}vxÈYzGw£fª1ÆÇ'ﬀ}vÈÒk¡¯#@lÆ­eGiRtlh3ÆÇ
vÈÒm
}YenÃQ atW@lÆAwemmpks
LXAGifG eruvks}YmksUÃiezYtpzGerIÇ
}YeŁ¢3}ofm©ŁÒr}R«ÌªPv©atpvxwfrutwlvksmL[ÏPoftrmE§zGyè
y1wefr}tzGemMIzGÔüY"Qafoeo5ÊONGÍÌRN"NlQüS"SYË
h3 Z%YeekvG}Y}vx£"@lÆÇvzaksllYªUÆÇKﬀ}vÈÒk¡5Y­ÆÅPvxeY}YeŁqÆjÆÇ
}vÈYzGwﬃL Òwloeoevxksm 
mzG1zY|fmpoqzGRt}Yekswem©ksy/mmzG|ázYvI}At,z,eyksemxzGe}YRiezGlkaruzGy1èofilzYtpzGer9f}Ye
G}omptpvxwfrutwlvkksmpty/}tpksweml}Clk kuùqksrut¡Yku,eeku?yzalksRL'µØ7@YzGwlvxf}Y
zY|[]\3we}YRtwfy ksrutpvxzGermMIzG  þONl¯¬~zlüsÊa ofo5ÊYþÍGË[xüsþa£ÅAksrPüS"SYË
@lÆÇvzakslljÅŁ ÐCzYGk¡amtpk¡5PqÆjÆÇ
}vÈYzGw}Yeª1ÆÇKﬀp}vÈÒk¡ALÆÃiezYtpzGer§
vamp
t}YI¨Qevksm^Pª%¬AkM§
}YmmPzY|zYoftr}Y_ (}s¡YkGweeksmLKÏPoftr}YK¨Q¯kv¤hEksrxielzGzYY
Ó?µ;¡atpksCÃK}o¯kvuÕ¦`MIzG WYafofoÄ þÍ$Y[OþÍÒEüS"S"S
@lÆÇvzaksllh3 Z%YelkvxG}Y}vx£qÆjÆÇ
}vÈYzGw£ÃQ Ð(ÆÇ
}vqkstpzP}Ye3ªUÆÇKﬀ}vÈÒk¡LP (}s¡Yk
wee}Yeruk*;útiek*ofiezYtpzGerC5}YelG}okuùqksrutzYoetr}YAeqkvxmL
@l ÏPoftÆª^
Ãwlvxk
ª~oeo5 ÏPoet`MIzG üfoeoÄPNba"a¥OËYÊaKüS"S"S
@lÆÇPÆ¬Pksmpks£Ìh3 Z%YeekvG}Y}vx£Y¯ÆjÆÇ
}vÈYzGw£ª1ÆÇ'ﬀ}vÈÒk¡¯c@eÆÇØvxz;kslA}YeÐ(ÆÇPÆ¬Pksmpks
LÆh³Øz,fyksemzGe}YY­}YzGy>dk
ÒtpvxwerutwlvkYÌ¨eweef}YyksRt}Y+~kul}YzGe}YRÃØilzYtpzGer§
vamp
t}Yè§zGeeGwlvx}tzG'LeµØ ksrutpvxzGermÉ©ktptpkvxmfMIzG  þ"YaŁ¬Azl ÊÍÒŁoeoÄü*aþ"Q[Oþ$a;
akoetpksy1¯kv1üS"S"S
@lÆÇvzaksll¯ÆjÆÇ
}vÈYzGwÄ9h3 Z%YelkvxG}Y}vx}YeªUÆÇKﬀ}vÈÒk¡gLÆªAf}YamxmzY|³}Yvp
Gweeeo5ilzYtpzGer5}YelG}oûeqkvxmL³ÏPoftrmÉÄktptpkv¦mhMIzG  Ê"Yaj¬Azl Êa³oeoÄWS"Q[iSYËa
@G}Y£~üYa¯ÊÍYÍYÍ
h3P $ÆÇØkvxlª1ÆÇKﬀp}vxÈak¡¯"@lÆÇvzaksllYqÆjÆÇ
}vÈYzGwUÉEqzYvx s~Æ­;wfempks£¥h Z%YelkvG}Y}v¦
}YeÑÐ ¢ŁÆÅPaflG}Y}vxjLÆÃQzG}vxøs}tzGÑoevzYoqkvtksmIzY|ÄilzGlkÒruzGyUe,mptpvxwerutwlvxksofilz
tpzGer3f}YflG}oeevksmL#@l ÏPoetÆªf^eÃwevkª~ofof ÏPoet`MIzGÔ ÊaeoeoÄWY ËONiS"Sa£ÊÍYÍYÍ
@lÆÇPÆ¬Pksmpks£Ìh3 Z%YeekvG}Y}vx£Y¯ÆjÆÇ
}vÈYzGw£Yª1ÆÇKﬀp}vÈÒk¡¤}Ye@eÆÇØvxz;ksleLÆhjØz
eyksemxzGe}Ye­}YzGy>dk1ÃilzYtpzGer~Ç
}YelG}ok (}¥¡YkGwelk"L ØofilzYtpzGermhEksrxiÒ
lzGzYYÉÄktptpkvxms`MIzG üsÊa5¬AzlWQafofoÄWQYþÍÌOþYÊaB@RwelkUÊÍYÍYÍ
ªUQÇKﬀp}vÈÒk¡¯_@eÆÇØvxz;ksl}Ye¯Æ~ÆÇ
}vÈYzGwLÆ¬Akýlk¡YkszYofyks;tmU?ofilzYtpzGer
ruvamt}Y9eevxksmL£¬~zYvtiekvxÏPoftrmÊÍYÍYÍÒI ~oeo5m}Y}ÒQakslks£&Q[OËlﬀwelkYEÊÍYÍYÍÒIl
¡atpksCof}oqkvhµ¬ŁüeoÄ þÒü¯}YeÅÏ¤ÃÒ¬:U3h®Ê[OÊÍYÍYÍÒ5o©ma;5ÊÍYÍYÍ
@lÆÇvzaksllR¯ÆjÆÇ
}vÈYzGwÄÌª1ÆÇKﬀp}vÈÒk¡¯Yh3 Z%YelkvxG}Y}vx}Ye~Æ­aweempksL §vxam 
t}Y©¨Kevk3hEksrxieezGzYY/L¯ÅÏ¤ÃÒ¬:U3h3fÊ[OÊÍYÍYÍÒ5ofoÄ ÊYÊ[OÊYËa¯ÊÍYÍYÍ
ﬁM
h3ÆÃQXA}Yfmpks£"@lÆÇvzaksllYqÆjÆÇ
}vÈYzGwUÉEqzYvx s~Æ­;wfempks£¥ª1ÆÇKﬀp}vxÈak¡¯"@lÆ~m
@Yksempks}Yen1 ÒyzGfmpksoLXAGieÂfvk|WvxlYks;t
elkuaÔGweel1o5ilzYtpzGer3ruvÒmpt}Y
eqkvxmL ÃilzYtpzGermjh©ksr¦ielzGzYYCÉ©ktptpkvxm`MIzGÔüsþa5¬AzlWQafoeoÄWY ËYË[iSÍÒqÊÍYÍlü
­ÆÃQXA}Yfmpks£AÐÆÅP;qksee}YA¬Aksmpks£
h3ÆÃQXA}Yfmpks£~h3 %vksempks£
@eÆÇØvxz;ksll
¯ÆÇ
}vÈYzGwúÉ©qzYvxÔp1 ÒyzGemks£9@lÆ~mf@Gksempks}YeªUÆÇKﬀ}vÈak¡qLÆ¬~z[¡Yks³lksmG
oevzYoqkvtksm
zY|KofilzYtpzGfr¤ruvamt}YÄeevxksmLlÅ3Ï3ÃÒ¬:U¤hÁÊ[OÊÍYÍlü5oeoEüQ[OÊÒü¯ÊÍYÍlü
h3eZ%vksempksÄZ@eaÇvzakslllªUÒÇKﬀp}vxÈak¡¯ÒjÒ­;wfempksÂ}YenqÆjÒÇ}vxÈYzGwÂqzYvx
L Ð}YruvzÔqkseflnzGmmAoevzYoqkvtksm~zY|9ofilzYtpzGerUruvÒmpt}YQeevk"LB ﬁØksrutpvzGerm
ÉÄktptpkvxm/MIzG  þ$a;5¬AzlWYafofoÄ ÊYË$a¥OË"Sa¯ÊÍYÍlü
r ^5_ps,]a\Ì]a_EVG]bEceb];\ ÷ g
¯ÆjÆÇ
}vÈYzGwÄ@eÆÇvz;kseU}Ye/ª1ÆÇKﬀp}vxÈak¡kLÆÅ¤mo¯kv¦mzGèoevzYoqkvtksmIzY|£ofilzYtpzGer
f}YelG}oÑGweeePf¯kv¦mLaÏPoetr}Ye¨Kqkv§zGyyŁweer}tzGÑ§zGl|Wkvkseruk3Ï¤¨E§;LWS"Sa
Ò}YCÅ¤kYzlq§³}Òe ¤Òª1eof}oqkvj¨E¢YafoeoÄüYü*a¥iSa¯¨lkÄ ÊÒü6OÊ"QaIüS"S"S
¯ÆÇ
}vÈYzGw£$@lÆÇvzakslj}YeUªUÆÇKﬀ}vÈak¡fLÆÃØilzYtpzGerIÇ
}YelG}oŁ¨KqkvxmL¥ÉEÏBLWS"Sa
Ò}YC¨lvx}Yfrmruzl¯§
ª1f 3Òª1lof}oqkvh ªPª1ü5oeoÄWQÒüY[xüQaq¬~z[¡5 Ë[xüYüKüS"S"SaBµ;¡atpks
¯ÆjÆÇ
}vÈYzGwÄG@lÆÇvzaksl}Yfª1ÆÇKﬀp}vÈÒk¡TLÆÉ©ks}ÈÌ}YkuÔ|WvkkY~Gwfe}Yeruk*zY|Gi;t
*iezGz¥ ruzYvkèzYoetr}YEf¯kv¦mL£§³É©ÏL ÊÍYÍYÍÒQÒ}YÎ¨lvx}YermruzlE§
ª1q 3Òª15o5}o¯kv
§ ­NGÍÒfoeoÄ þÒüS[OÊÒüqÐ}¥ta¥xüsÊa¯ÊÍYÍYÍ
¯ÆjÆÇ
}vÈYzGwÄZ@eÆÇØvxz;ksl}YfªUÆÇKﬀ}vÈÒk¡uL ÐCzÒe}YeruzG;tpvzGeèo5ilzYtpzGer³ruvÒmpt}Y
eevksmLY¬AzYvtilkvx/Ï¤oetrmIÊÍYÍYÍÒ; Aoeofm}Y}Ò;aØkseks£GÃQzGmptpkvØÃ
ÏèüVNlGoÄ ËYÊabQ[OËﬀpweekY
ÊÍYÍYÍ
¯ÆjÆÇ
}vÈYzGwÂÉ©¯zYv¦ $@lÆÇvzaksll;~Æ­;wfempks£Gª1ÆÇKﬀp}vÈÒk¡}Yev1Æ lyzGempks
LXAGilÔfvk|WvxlYks;t£ofilzYtpzGfr9ruvÒmpt}Y;eqkvLÏPoftr}YGeqkvQ§
zGyy1wfer}tzGems[of}Ì
o¯kvAlzl9hEw5Ð*Ê[xü¯ªAe}Yieksy5§
ª1e ¤lªUfÊÍYÍlü
¯ÆjÆÇ
}vÈYzGwÉEqzYvxY}YeŁªUÆÇKﬀ}vÈÒk¡vLÆÃiezYtpzGer§
vamt}Y;¨Kevxksm££hjilkzYv}Ye
Ã9vx}Yrutruk"LÄhEzqk1ofvksmpks;tpks?}tÉ©ÏUÇkslkswÒwLÆÃiezYtpzGer§vÒmpt}Y_ ?zYvÈÒmilzYo'L
~ktPÃQ}Yf£5¢¤ilks;tfÇksGweyCfÊ"Sy}sY¯ÊÍYÍGÊa/ R¡Òtpks
@lÆÇvzaksllèqÆjÆÇ
}vÈYzGw¿}Ye®ª1ÆÇKﬀp}vxÈak¡xLP (}¥¡YkGweela"tilkÃØilzYtpzGer
Ç}Yfﬁ¢¤}o"9ù¯ksrutLUüSÌtiﬁhEzYofr}YPÐCkktezY|3tilkÏqÐ*}vxmpksksm³¨lvx}YerukY
akoet~üS"SYË
ªUÆÇKﬀ}vÈÒk¡5#@eÆÇvz;ksele­ÆÅPvxe5}Ye¯ÆjÆÇ
}vÈYzGwoLÆÅ¤mo¯kv¦mzGÑoevzYoqkvtksmØzY|
ÃilzYtpzGerU§vÒmpt}YÄ¨KevksmLfÊONYtiwevzYoqks}Y§zGl|WkvkserukzG*Ï¤oetr}Y©§zGyyŁwee
r}tzG£f
§jÏ§;LWSYËa5Ð*}Ylvx£faof}Y£ZMIzG üfoeo©üsþ"Y[iQaqÒkoet ÊÍÌOÊONlQüS"SYË
ªUÆÇKﬀ}vÈÒk¡5y@lÆÇvzaksll;¯ÆÇ
}vÈYzGw}Yeèh3 Z%YflkvG}Y}vx,LÆ¨ewefe}Yyks;t}YUlk
yruvzGmptpv¦werutwlvkseqkv}¥¡YkGwelksmÑ|WzYvÑoqzYtpks;t}Y~mpksfmpzYvÑ}oeo5r}tzGemLÉEGiRt
¨lzYvAÉE|ákS"Saq§
}Yerwet\èÆfÐkuÒruzl5of}oqkvh ENlPNl@GweÂÊ$a¥OþÍÒKüS"S"S
@lÆÇvzaksllqqÆÇ}vxÈYzGw£fh3 Z%YflkvG}Y}vxC}Yfª1ÆÇ'ﬀ}vÈÒk¡oLÆÅ¤mpoqkvxmzGÂoevxzYo¯kv
tksmzY|
ofilzYtpzGfrèf}YelG}oeevksmLQ§jÏÒh Ê"QYË*ykkteatpzÒrÈÒilzGyKÐ}v¦rxi
üY[xü*a;QüS"S"S
M
ªUÆÇKﬀ}vÈÒk¡5@lÆÇvzaksl"}Ye ¯ÆjÆÇ
}vÈYzGwzL ÐzÒlkseûzY|ofilzYtpzGfrruvÒmpt}Y
eevksmLwlvxzYo¯ks}Yû§zGe|ákvksfrukzGÏPoetr}Y~§
zGyy1wfer}tzG§~Ï§;LWS"Sa
¬ArukY
¨lvx}YerukY5oeoÄüQ[xüSaqÒkoet Ê"Q[OþÍÒQüS"S"Sa/µ;¡Òtpks
ªUÆÇKﬀ}vÈÒk¡59@eÆÇØvxz;ksl}Ye¯ÆÇ
}vÈYzGwELÆ¬Az¥¡YksksksrutpvzGy}Gektr/
}s¡YkGwflksm
wemlo5ilzYtpzGerruvÒmpt}YmLÄÃ9 P(ÊÍYÍYÍÒ9§³}YyUev¦lYkYQÐ*ª1© ¤lªUÄofoÄüsËYÊa&@Rwe
ÊÍYÍYÍ
jÆ­aweemks£9ªUÆÇKﬀ}vÈÒk¡5J@lÆÇvzaksl?}Yeû¯ÆjÆÇ
}vÈYzGw{LP (}s¡YkGwefl?oevzYoe
kvtksm¤zY|ofilzYtpzGerŁruvÒmpt}YKeevxksmL£ÃilzYtpzGer§
vamt}Ym¤}YeÎÉ©Gi;t3ÉÄzÒr}Yøs}tzG£
¬AªIhAÏ ªAe¡Ì}YeruksatwelﬃµemttwltpkY5§vktpkYq¢PvkksrukYB@RwelküS[OþÍÒqÊÍYÍYÍ
jÆ­aweemks£Eª1ÆÇKﬀp}vÈÒk¡¯&@eÆÇvz;kse}Ye¯Æ~ÆÇ
}vÈYzGwL Ð*}YruvzÔqkseelzGmm
ksmpty}tzG|ázYv©}YvpÔGweelØo5ilzYtpzGerIruvÒmpt}YYfevksmLÌÏ3¨IL ÊÍYÍYÍÒÌ¡YzGÔPNeüsË"YaYoeoÄWSÍcN
a;5ÊÍYÍYÍ
ªUÆÇKﬀ}vÈÒk¡5K@eÆÇvz;ksen}Yf?qÆjÆÇ
}vÈYzGw.LÆÃiezYtpzGerŁÇ}YflG}o(¨Kqkvxm^jhjilku
zYvŁ}YfIÒo¯kv¦yks;tmLcµØ(ÉE}YmpkvxmI}YeØksrutpvzµÏPoetrmazarkt,ÊÍYÍYÍªAf;we}Y
ykktlle¡YzGÔ~üeoeoÄeþYþ"Q[ﬁa;qÃwlkvxtpz/~ruz
@lÆÇvzaksllR¯ÆjÆÇ
}vÈYzGwÄÌª1ÆÇKﬀp}vÈÒk¡¯Yh3 Z%YelkvxG}Y}vx}Ye~Æ­aweempksL §vxam 
t}YØ¨KqkvUhEksrxieezGzYY/LÏPoftr}YØazÒrkt,?zY|jªPykvxr}CªAf;we}YØÐCkktelQo5}o¯kv
hj ¤§jþaeoÄWQ"SafAilzaekm}YeÄa 3Òª1fÊÍYÍYÍ
ªUÆÇKﬀ}vÈÒk¡5@lÆÇvzakslll¯ÆjÆÇ
}vÈYzGwÑÉ©qzYvx Y~Æ­;wfempks}Yev1Æ lyzGempks
LÆÃilzYtpzGer³ruvamt}YleqkvIyzaekslP}Ye}oeofr}tzGemLc R¡Òtpksèof}oqkvI|WzYvIzYoetr}Y
¨Q¯kv³§zGyyŁweer}tzGemØ§zGl|WkvkserukYaof}oqkvØezlKhQw5§¤ü6xüÒªPe}Yilksyl§
ª1; 3ÒªU
ÊÍYÍlü
@lÆÇvzaksllÅ1 ÐzYGk¡atmpk¡¯R¯ÆjÆÇ
}vÈYzGw1É©qzYvx}Ye3ª1ÆÇKﬀp}vÈÒk¡LÆÃQzG}vxøs}tzGÒ
oevksmpkv¡ÒlnilzGkeqkvxmL©§zGe|ákvksfrukzG?É©}YmpkvxmU}Ye?ksrutpvxzµÏPoetrmP~ÃK}Yrfr
vxyÒof}oqkv~lzlÐ*}lü6Oþaqh©zYÈaYzlB@R}of}Y£#@GwfÂÊÍYÍlü
@lÆÇvzakslljh3ÆÃQXP}Yempks£PqÆjÆÇ
}vÈYzGwqzYvx ~Æ­aweempks£³ª1ÆÇKﬀp}vÈÒk¡û}Ye
@lÆW@Gksempks|LÆÇvk|áv¦lYkseruk3ofilzYtpzGer9ruvÒmpt}YRf¯kv¦mLÏ¤
§j§j«}ÏÏ§;L ÊÍYÍlüof}Ì
o¯kvAlzl9hEw¯¢AOþaqaÒelkYlªPwemptpvx}Y}ÒOﬀpwf*ü6iYa5ÊÍYÍlü
@lÆAmilksekY¯Æ~ÆÇ
}vÈYzGw É©¯zYv¦ Uª1ÆÇ'ﬀ}vÈÒk¡¯@eÆÇvz;kse}Ye jÆ­aweemks
LÆÃilzYtpzGerruvamt}YIeevksm3}Yf?kuù¯ksrut¡YkÑeeku*}oeoevzG}Yr¦ilksmLKwlvxzYo¯ks}Y(§zGe|ákvp
kserukzGÏ¤oetr}Y©§zGyyŁweer}tzGeml§~Ï§;L ÊÍYÍlüfo5}o¯kvjezl9hji£Æª1üWYa¯ÊÍYÍlü
ªUÆÇKﬀ}vÈÒk¡5Łh3ÆÃQXA}Yfmpks£U­XAzGwlG}Y}vxÄè¯Æ~ÆÇ}vxÈYzGwÁÉEqzYvx 3jÆ­aweemks
}Yeq@lÆÇvzaksl.L ÐruvzYqkseelofilzYtpzGerÑruvxwfmpt}Y
eevksmUUªPwfty}tpkzGmm
yt~$LRØwlvzYoqks}YÑ§zGl|WkvkserukAzGÂÏPoftr}Y5§zGyyŁweer}tzGemR
§jÏ§;L ÊÍYÍlüÒof}Ì
o¯kvAlzlP ?kYÆÉ9 ÊaPNl£ÊÍYÍlü
h3 Z%vksfmpks£O@eÆÇvz;kselÌª1ÆÇKﬀp}vÈÒk¡¯Ì~Æ­aweempks£¯ÆjÆÇ
}vÈYzGw1É©qzYvx 1 ÒyzGempks
}Ye@lÆW@Gksempks,L Ð*}YruvzYqkseel¤zGmmEoevzYoqkvtksm©zY|5ofilzYtpzGerruvÒmpt}YaeevksmE~ti
e ùqkvksRtA}Yv~flè|Wvx}YrutzGemL¯wlvxzYo¯ks}YÎ§zGl|Wkvkseruk1zGCzYoetr}YI§zGyyŁweer}Ì
tzG£e§~Ï§;L ÊÍYÍlüfo5}o¯kvjezl9 ?kYÆÃQüqÊÍYÍlü
M;
SAceX¥]a_¯X ÷ g
¯ÆjÆÇ
}vÈYzGwÄèª1ÆÇKﬀp}vxÈak¡Á}Ye7@eÆÇvz;kseL ÏPoftr}YUf¯kv¦m*wemksÁ®zYoetr}Y
ruzGyy1wfer}tzGemsÒmksempzYv³tpksrxiflzGzYYYfmpoqksrutpvzGmxruzYo;n}Yeykserlk"LÒÃQ}tpks;t~lzl
 ÏeS"S"QON+SÍGþaÄÃwl5milksnÊÍYÍYÍ
¯ÆjÆÇ
}vÈYzGwÄÒª1ÆÇKﬀp}vxÈak¡}Yf,@eÆÇØvxz;kslﬃLÆÃilzYtpzGfrjf}YfG}oÂeqkv9|ázYv
ruzGyè
y1wefr}tzG¤ofwlvxo¯zGmksm£}Ye3|WzYvÄeqkv£}YmpkvÄzYvÄf¯kvÄ}Yyofekv£}oeo5r}tzGemL¥ÃK}tpksRt
lzl9 ÏeS"S"QON+SÍcNl£ÃwefmieksÂÊÍYÍYÍ
¯ÆjÆÇ
}vÈYzGwÄªUÆÇKﬀ}vÈak¡}Ye@lÆÇvzakslTL Ðruvz,mptpvxwerutwevks"zYoetr}Y¤f¯kv¥
mwerxi$}Ym*o¯zG}vxøs}tzGy/}YRt}Yelûf¯kv|ázYvzYoetr}Y1ruzGyy1wfer}tzG£1ie}Ym*}
r}Yeee1vkGzGCruzGyoevxmlŁoevxy/}vkszGlG}tpksCksksyks;tmjie}s¡ÒlezGÒ,rvxrwe}v
ruvzGmm ,mpksrutzG=L5ÃK}tpks;tAlzl9 ÏÊÍYÍYÍ$QÍGþ"SÍÒÄÃwlfmilksnÊÍYÍlü
  ﬁ
 
_¯X¥\Ì^=QZEVYX[TW^¯_

 
^=E]ZIIÖTW_EdSf©^fX¥^5_QTWV r \} ÷ X¥c/I!~T ö ]a\ ÷ 
Êaü azGyk¬Aksruksmm}vCÃvzYoqkvtksm
zY|K}ÑÒwet}fkÐCzÒlks33U Q
Êa Ê hjilkÃØ}YlkuR (}s¡YkèÐCktieza*3U33U33U Ë
Êa Êaü hjilkI¨KvxmtÄÇØv¦zGweCŁ¯zGekY[}Ye3tiekØ§
}Yrwe}tzG¤zY|l¢¤wflks
Ðzalksm3U33U33U33U üYü
Êa Êa Ê ªP*ÏPoety/øksnÃ}Ylke (}¥¡YkèÐktilzÒ3U33U üVN
Êa þ Òweyy/}v/zY|Krxie}oftpkvPÊ{33U33U33U ü*a
 
c
÷
TWVCS\Ì^fb];\[X[TW]
÷
^#sAS©^fX¥^5_QTWV
r
\}
÷
X¥c/I!~T
ö
]a\
÷
b
þaü h©zYt}YKµ;tpkvxe}Y£~keksrutzG*}YeÐ*wetofkP~keksrutzGemA3U üsË
þa Ê Ã9vzYoqkvtksm
zY|QÃQkvxzÒer3Å¤ksksrutpvxrÐ*}tpkvx}Ymú3U33UÊÍ
þa þ ÃilzYtpzGfrU§vÒmpt}Y£¨Kqkvxm
~ti}ÂatpkolR elkuªAe}YzYY/3UÊYþ
þa þaü ÃiezYtpzGerU§vÒmpt}Y£¨Kqkvxm
~timy}Y£}Yv,ilzGksm
3UÊON
þa þa Ê ÃiezYtpzGerU§vÒmpt}Y£¨Kqkvxm
~ti}vYkU}Yv,ilzGksmn3UÊ$a
þaPN Çvx}Y/jkfksrutzGem~}YfCÃilzYtpzGfr3Ç
}YelG}o¢¤wfelè¨Kqkvxm Ê"S
þaWY Òweyy/}v/zY|Krxie}oftpkvPþ{33U33U33UþYþ

S\Ì^fb9]a\[X[TW]
÷
^#sSf©^fX¥^5_QTWV
r
\*
÷
X[c#I~T
ö
]a\
÷>
TáX}ýc¯X¥]abK

_KQ]+
õ
_©c/Iá^5d`
`
Nlü ª¿ÒtpkolRµflkunªPe}YzYY 33U33U33UþON
Nl Ê hjilk¨lv¦}YrutzGCzY|KlkvxYÂÃvzYof}G}tlÑªAv U33Uþ"Y
Nl þ hjilk1§zYvxk1Òøk3zY|KÉ©}vYkuµ§zYvxk1¨KqkvxmP33U33Uþ$a
NlPN ¢PvzGwlokMIkszartOÅPmpoqkvxmzG3U33U33UN+Y
NlWY hjilk1§zYvxk1Òøk3zY|KÃ§
¨KmŁ33U33U33UNRË
NlWQ Òweyy/}v/zY|9§
ie}oetpkv:N(33U33U33UY þ
M;((

J&!9 
h&!
 SE^eX¥^¯_ETWV

c5_KQdfceb~T ö ]a\ ÷ #
Yaü hjilkAzGlkÒruzGyU¨Q¯kvAÒtpvxwerutwlvk 33U33UY"Y
Ya Ê hjilk­}YzGy>dkatpvxwerutwevk33U33U33UQYÊ
Ya þ Òweyy/}v/zY|9§
ie}oetpkv;YÎ33U33U33UQ$a
 
\Ì^5ZEbE]yIW^£VRTáX CT ÷ b9]a\ ÷ TW^¯_ r ^/¡b9]a_ ÷ clXÌTá^¯_ ¢Z£
Qaü Å¤ ù¯kvxksRtlrxilksyksm|ázYv³¢PvzGwlo|MIkszart,Å¤mpoqkvxmzG/§zGyoqksem}tzG2aÌÍ
Qa Ê ¢PvzGwlokMIkszartO}YeCjk|Wvx}Yrut¡Ykfµflku§zG;tpvx}Ympt~33U¤a ü
Qa þ ÃQzGmt¡Yk1¢PvxzGwlo¥MIkszÒrt,Å¤mpoqkvxmxzGý33U33U¤aÊ
Qa þaü hjilk1§
zGwlofksC§zYvk1ÃilzYtpzGerU§vÒmpt}Y£¨Kqkv3U¤aþ
Qa þa Ê hjilkÃØÇj¢ §zGwlofks§zYvk¨Kqkv 3U33U¤a"a
QaPN Òweyy/}v/zY|9§
ie}oetpkv;QÎ33U33U33UËÒü
¢ ÄZp¡>¡cf\*
#
a;ü ¨ewltwlvxke ?zYvÈ 3U33U33U33UËON
a; Ê §
zGmljksy}vÈÒm 3U33U33U33UË"Y
¦Â]bsO];\Ì]a_EVG]
÷
#
ﬁ§
¨ ©«ªA¬®­v¯.° ±
²ﬁ´³ µ 	$"Ø
¨lzYvÂeksr}YlksmÑyzGmptzYoetr}Y~eqkvxmie}¥¡Yk*vkskszGûtilk*ofi;amr}Y
kuù¯ksrutÂtpkvxyks
tpzYt}YRtpkvxf}Y9vkeksrutzG(|WzYv1tilkÑGwee}Yfruk/zY|jGi;th©zYt}Y
;tpkvxe}Y9vkeksrutzG
}Yz¥AmUGi;t3tpzqkGwflks?}YzGl}CeksksrutpvxrruzYvkÑvkGzG(zY|³}YzYoetr}YIf¯kv¥
oevz¥¡Òlks/tilk~zYoftr}YfruzYvkPmmxwlvvzGweflksè;}1eksksrutpv¦r³r}Yeel3~tiÑ}Uz[Økv
vk|áv¦}Yrut¡YkAflkuŁtif}Ytilkjvxk|ávx}Yrut¡YkAeekuŁzY|qtilkPruzYvkY9ÉÄz[³,zGmmzYoetr}Yef¯kv¦m
Gweee1Gi;t;ÑtpzYt}YÄ;tpkvxe}Y¯vkeksrutzGÄÒmØtiekP5}YrÈa¯zGekPzY|Qtilk3l|WzYvxy}tzG
mpzarkt,Y~ewekCtpztilk*¡Ì}YmtÑ}YyzGwe;tmzY|l|ázYv¦y}tzGútie}tÂy}súqkfmptpvx5wltpks
tilvzGwlGi(ekt,zYvÈamzY|zYoftr}YKeqkvxmÏPoetr}YKf¯kv¦m¤tpzae}¥*5eÎkuatpksfm¡Ykwempk
~tieÎ}vks}Ym1mwer¦i(}Ym3tpksksruzGyyŁweer}tzGem©ykserlkYEmpksempzYv3tpksr¦ielzGzYY(}Ye
mpoqksrutpvzGmruzYoa·¶ üG5Êa5þa`Nl/Y}¸Ô
ÒerukÂüSYË$aj¶PQÒa}¸Qkuatpksfm¡YkŁvksmpks}vxr¦iif}Ym~vk¡Yks}Yks*tif}tPruzGyoqzGwefeksksr6
tpvxr3y}tpkvx}Ymllksqkvx}tpks/ruvks}tpksCAti}mptpvxwerutwevx}Y£møk¤zGtilkmx}YykzYvxlkv
zY|Øy}Getwelkè}Ym¤tilkè}¥¡YkskslYti?zY|Gi;t¯G¡Yktilkèo¯zGmxmft,ÂzY|Ø}nlk¿ofilku
lzGykslzG/tpkvxyksÑofilzYtpzGer
5}YelG}ofmIÃØilzYtpzGer³5}YelG}ofm9y/}sqk~mpkksÂ}Ym}Y
zYoetr}YÒ}Ye}YzYGwlk
tpzPtilk
ksksrutpvzGerf}YflG}ofmEzY|fmpksyruzGfewerutpzYvxmY}Yeèy}¥Uks}Y
tpz~}³~ilzGk9lkmpkvxksmqzY|azYoftr}YYoevzÒewerutm£¤tilkI|Wwetwlvk9mfrukQtiek¤}Yz¥GiRtqtpz
¯kPzÒr}YøksÂ}YeGwelks~tier}¥¡atksm}Yf/
}s¡YkGwelksme¶ ËÒZSaqüÍlqüYü¯üsÊl¯üsþO¸Ô
ÃQ}vxtrwe}vxRtpkvxksmptlPtpz¤tilkØfksUzY|fzYoetr}YaeqkvxmmQtilko¯zGmxmft,PzY|eGwel
lnGi;t¤}YzGlruzYvkèvkGzGem¤~ti*}z[ vk|Wvx}Yrut¡YkelkuÓÖmwerxi?}Ym3iezGz¥ }Yv
ruzYvksm¦Õ¦_¶ üVNf©üYÒÄüQÒ©ü*aÒÄüsËÒ©üSa5ÊÍlfÊÒü¸Ô
ÃilzYtpzGfrf}YeeG}ofm3kvk/emxruz¥¡Ykvkselkoqkselks;tajU}fzGlz[¡ar¦i}Ye
@YzGie.¶PQÒaO¸Ô¯AilksCtilkØkvkèmptweeae/mpoqzGRt}YekzGwem~ksy/mmzG*ruzGRtpvxzGQ}Yf*z
r}Yøs}tzGèzY|¯Gi;tK1lz[¡YksloqkvxzÒer9y/}tpkvx}YmKhjilksmk
ez¥¡YksloqkvxzÒereksksrutpvxr
mptpvxwerutwlvxksmKØkvk
tpkvxyksofilzYtpzGerØruvÒmpt}YmKtpz3ksyofie}YmøktilksvIoqkvxzaer9e}twlvkY
}Ye?tpkvxyks(ofilzYtpzGerè5}YelG}oy}tpkv¦}Ym¤tpzlksmxruvxqkètilkofwlvxo¯zGmk1fwf*o¯ku
vxzÒer¤eksksrutpv¦r¤y}tpkvx}YmjkuÒieftlŁ|Wvks×;wekseruÂRtpkv¡}Ym³AilkvklzkuÒtpkselks
ü
¹ﬁºB»¼½¾B¿yÀ*»ÂÁÃ½Oº
eksCmpzGwltzGem
kulmptpks£ØÉ©Gi;tjereksRt³zGC}ofilzYtpzGer¤5}YelG}oy}tpkv¦}Y£~ti
}|ávxks×;wlksfruÑ~tieÑtilkofilzYtpzGfrPf}YelG}oCzGwenqk¤vkeksrutpks*}s
}s|WvzGy-tilk
y}tpkvx}Y qmfrukŁtAØzGwf*ezYtAqk1}Yz¥kstpzÑoevxzYof}G}tpkètilvzGwlGi*tilkèy}tpkvx}Y 
ÏPvxGf}Y/tifm~kstpzÑtiek1lzYtzG*tie}tPzGlk1mxilzGweqkŁ}fktpzneieft³mpoqzGRt}Ì
lkzGwemPksymmxzG£5mxerukŁvx}Ye}t¡YkŁvks}Ìl}tzG*zY|Ø}Ykultpks*}tpzGyC£zYv¤}ÂvksruzGy1f 
e}tzGzY|I}YksksrutpvxzGÒ,ilzGk3of}Yv³ØzGwen¯k3o5iRÒmr}Y/yoqzGmmfkA|©tilkksekvY
vksks}YmpksÑzYvØ}fmzYvqksaŁtiek~tpvx}YemxtzG
}YmAtieètilkAofilzYtpzGÑkslkvYk¡YksfzY|
}nofilzYtpzGer1f}YeeG}oÄUhjiemAie}Ym¤Yksekvx}tpks(×awetpkè}}vYk;tpkvksmpt3ofilzYtpzGer
ruvamt}YmØ}YfofilzYtpzGfr
f}YelG}oÑtpksrxieezGzYYYlewlkjtpzŁtilk~}oeo5}vksRtØvksmpksy1f}Yeruk
~titilkÂruzG;tpvzGzY|jksksrutpvxzGemèy}YlkÂo¯zGmxmfka(tilkÂksksrutpvzGfr/5}YelG}ofm1zY|
mpksyÄruzGefwerutpzYvxm¶ üÍlEüYüYfÊYÊÒ5ÊYþÒfÊONf5Ê"YÒfÊ"QÒ5Ê$aÒfÊYËÒ5Ê"SO¸Ô
hjilkUruzGyofktpk1eieftzG/zY|Io5}vtrwe}v~ofilzYtpzGCksekvYCk¡YksmAlkoqksenzG*}
|WweKtilvkku,eyksemzGe}YKo5ilzYtpzGer5}YelG}oÄÒwerxieksksrutpvxry}tpkvx}Ym1lzlzYt
kuÒmtQèe}twevkYYyzGmptIÈYks3qksr}YwemkØtilk1vks×awevk}P}vYkruzG;tpvx}YmptIqktOØkksètilk
eksksrutpvxrm~;¡YzG¡Yks£¯ilz¥k¡YkvsqzGlku,eyksemzGe}YÄofilzYtpzGerf}YelG}ofmA}vkŁzY|átpks
mpkks}YmItilk³ykt}YrØruzGzYvxmKzGempksrutmK}Yeè5wltptpkv(eAlGmQØk³mpz3}Yey/vkY9Òwerxi
ykt}Yr³ruzGzYvxm/e}twlvkjr¦ie}YlYk~tieksvruzGzYv}Ym9zGlkjtwevxemIzGlksmØilks}Y£ameruk³tilk
ruzGzYv¤zY|9tilkŁofilzYtpzGerUf}YelG}o5mAlkoqksezGtiek1¡Òk~e/}YlGkY;µ*tiemAmpksempk
tilk*rzGmksCvksmpksy1fkètilkŁzGlku,eyksemzGf}YEyvvzYvxmAzY|átpks?wfmpksÎkY lŁ}Ympkvxm
tpzae}¥Y1§zYvvksmo¯zGfelGYftilkŁeksy}Ye*tie}t3}/ofiezYtpzGer1f}YelG}oÎmilzGweCqkŁ}
ruzGyofktpkØtilvkku,eyksemzGe}Y5}YelG}oÄÌoevzGieftlofilzYtpzGUtpvx}Yemy/mmzG¤|WkvzGy
}YRÂ}YlGk3ie}YmqkksÑvxks}ÌaksÄKA}tilkv³zGlk3mpoqks}ÈzY|EzGlku,eyksfmzGe}Yff}YelG}ofm
ÓÖmwerxi*}Ym~Çvx}Y,mpt}YrxÈam¤zYvAeksksrutpvxr3yvvzYv¦m¦Õ¦Òt,z,eyksemxzGe}Y£f}YflG}ofm¶ üYÒ
üQÒAü*a PüsËÒ~üSÒ
ÊÒüYþÍeþÒüYØþYÊlþYþÒ
þON"¸AzYvÑ|Wwe³tilvkku,eyksemzGf}Y
f}YelG}ofm
¶ üÍl5Ê"SÒ5þ"Ya¯þ"QÒfþ$a 5þYËÒfþ"Sl`NGÍc¸Ô
ªýzGlku,eyksemzGe}YyvvzYv1empof}sÒm3zGlku,eyksemzGe}Y9ofilzYtpzGerf}YelG}ofm
}YmmpzazG?}Ym3}eksksrutpvxr1ruzG;tpvx}Ymptkulmpt¤qkt,kksÎtilkeù¯kvks;t3eksksrutpv¦r1}sYkvxm
¶ üÍc¸ÔØÏ¤Łtilk³zYtilkvif}Ye}3mGefr}YRtIeksksrutpvxrruzGRtpv¦}YmptmIlkkseks|ázYvItiek³|ázYvp
y}tzGèzY|q}¤t,z,eyksemxzGe}Yaf}YelG}on¶ üÍ"¸ÔK¡YksieGiekvKfksksrutpvxrruzG;tpvx}Ymptm
lkkslkstpzAksemwlvxk}³tilvkku,fyksemzGe}YofilzYtpzGerIf}YelG}ou¶ üÍc¸Ô9§zGyU5lks¤~ti
}ÑmGefr}Y;tneruvks}YmpksruzGyofkuÒtO~ilks*y}Y;we|W}Yrutwlv¦l/ieGilkv~zYvxekv~ofilz
tpzGerj5}YelG}oÑy/}tpkvx}YmØtØmweelkvxmt}Yee}fkYR~iRèzGeŁtiek~zGlku,eyksemzGf}Y
eksksrutpvxrPy/vvzYvjie}YC¯kksnkuÒofzGtpksqk|ázYvküSYË$a;
ÃilzYtpzGfr³ruvÒmpt}YÒeqkvxmQGweelPGiRtKa1tieko5ilzYtpzGer
f}YflG}okuù¯ksrutØie}s¡Yk
}?t,z,eyksfmzGe}Y³oqkvxzaerÑeksksrutpvxrmptpv¦werutwlvkCûtilkCruvzGmm ,mksrutzGzY|¤tilk
eqkvs©hjilkØeksksrutpvxrQmtpvxwerutwlvkØm[iez¥k¡YkvsYR¡}vx}Y;tÄ3tiekzGlGtwfee}Yevxksr6
tzGzY|Ktilk1eqkvsj§zGyof}vkstpzÑo5}Ye}v~mptpv¦werutwlvksm~f}Ympks*zGCt,z,eyksemzGe}Y
ofilzYtpzGerŁf}YflG}o?y}tpkvx}YmPtiemAzùqkvxm3tiekè}Ye¡Ì}Y;t}YkzY|ofvz¥¡ÒeeÑ}nmptpvxwer6
twlvkzY|5lfetpk9ilksGi;tQ¨ewevtilkvxyzYvxkYÌo5ilzYtpzGerØruvamt}YReqkvxm©}vkezYtEoevxzaewfruks
evksrutn~tiC}/mptpv¦werutwlvx}YEmøkUlks}vPtilk1}¥¡YkskslYtizY|9Gi;t³tpzÑqkGwflksa
Ê
¹ﬁºB»¼½¾B¿yÀ*»ÂÁÃ½Oº
tilkÎeqkvs³vx}tilkvntilkeqkvÑmnmpt}YrxÈYks"|WvzGy rvxrwe}vnmr}?twlqksmÑ}Yfvxzaems
}Yetilks*lvx}sAtpztilk5e}Y£møkU}/y}YeekvjruzGyof}vx}fktpztilkUevx}s~lzY|
mpt}Yee}vx?mtpko(elkuf¯kv¦ml¶ üsËÒ=NeüGBNRÊc¸Ôµt¤m£tilkvk|WzYvkY©lzYt3mwevoevxmxltie}t
tilkUev¦mptjkuÒo¯kv¦yks;t}Y£¡Ykvxfr}tzGCzY|KtilkUo5ilzYtpzGer35}YelG}oCkuùqksrutP}tAzYoetr}Y
}¥¡YkskslYtiemA}YmAy}Ylk3~ti}ofilzYtpzGer¤f}YelG}oeqkv¶ ÊÍc¸Ô
ÃilzYtpzGfrf}YflG}oeqkvxm1ie}s¡YkÂzGlkÑ|Wwlvxtilkv1}Yl¡}Y;t}YknruzGyof}vkstpz*of}Ì
e}v
t,z,eyksemxzGe}Y5ofilzYtpzGerPruvÒmpt}YmØlerukAGiRt
mØtpzè¯kPGweeks/}YzGlètilk
eqkvsIvx}tilkvètie}Yqksl*vkeksrutpks|WvzGy#lzYvxy}Y
erlkserukYKtilklksy}YefmUzG
tilkeksksrutpvxrÂruzGRtpvx}YmtÑ}vkCksmxmmptpvxlYks;tgµtmèvks}t¡YksmyofkÂtpzlksmG
mr}Ì,}YvAmptpvxwfrutwlvksmPtie}tP~©oevz¥¡ÒlkŁ}/tOØz,fyksemzGe}Y©o5ilzYtpzGerUf}YelG}oÄ
~iekÂtilkelkuruzG;tpvx}YmptÑ¯ktOØkksmr}*}Ye}Yvmemxwlß/rks;t1tpzksemwlvkC}
t,z,eyksemxzGe}Y9o5ilzYtpzGer5}YelG}o|WzYv1wfmpkÑ(of}Ye}vŁmptpvxwerutwlvxksmªAmzlEtilk
lksy}YeemÑzGtilkmtpvxwerutwlvx}YAmøk}vkyzYvk*vxks}Yeú}YrruzGyofmilks£³meruktilk
mptpvxwerutwlv¦}Y9møkr}Y?qky}Yek/}vYkv|WzYvzYoetr}YIeqkvxm¤tie}Y?|WzYvof}Ye}vmptpvxwer6
twlvksm
hjilk9fks¤zY|ÒofilzYtpzGerIruvxampt}YGeqkvxmq}Ym©|ázGwfelks¤a¤AwemmpksÌ}YfruzÔØzYvxÈYkvxm
¶ ü*a ÄNeüV¸ÔT¶ ü*a}¸jmilz¥¡Yksûtie}ttè}YmtilkzYvktr}YoqzGmm5k/tpz(lksmxGmr}Ì,}Yv
f}YmpksofiezYtpzGer¤f}YeeG}omptpvxwerutwevksm³|WzYv~wempkno5ilzYtpzGer¤f}YflG}oCeqkvxm
¶ NeüV¸
}YmAtilkvks}Yøs}tzGzY|I}/y/ruvz,mptpvxwfrutwlvkseqkv³tie}tAGwelksGiRthjiemjeqkv
e£©iez¥k¡Ykvs9lzYtGwelkGi;tatiekofilzYtpzGerf}YelG}okuù¯ksrutChjifm3ks?tpz
tilkUvks}Yøs}tzGCtif}tAyruvxz,mptpvxwerutwlvxkseqkvxmjruzGweC}YmpzÑ¯k1lksmGlksCtpz/Gweek
Gi;t/awetøse(}YkuùqksrutÑ¡Ykvxmy}vtpztpzYt}YP;tpkvxe}Y~vkeksrutzG£¿Òwerxi
eqkvxm~eClzYt¤ykvksnvkoevxksmpksRtP}Ñez¥¡YksQ}¥CzY|IoevzÒewerleqkvxm³~ti}Ño¯kv
|ázYvxy/}Yerukmy}v~tpztpvx}YftzGe}YQmptpko(eekueqkvxmqmerukèt¤
}Ym¤vks}Yøkstie}t
tilksmpkeqkvxmPzùqkvks?}n~ilzGkèlk vx}YeYkzY|zYoeoqzYvtweftksmqerwfeltiekŁoqzGm 
mft,zY|
eqkvxmPtie}tzGwezGemweoeoqzYvtP}mxlGkyzÒlkvvxksmpoqksrut¡YkèzY|Øtilk
}¥¡YkskslYtizY|jGi;tﬃ¶ üYÒpNRÊO¸}Yeeqkvxm3~ti(oqz¥kv|Öwe9lzGelks}v3|ÖweerutzGe}Y
tksmu¶ NRþÒpN"NfKN+YO¸ÔhjilkÑy/}Yo5}vtUzY|jtifmtilksmxm1mUlk¡YzYtpkstpzÎ;¡YksmptG}tl
tilkUoqzGmmftksmzY|Iyruvxz,mptpvxwerutwlvxkseqkvxm³tie}tPlz/lzYtAvksÂzGCtilk1ofilzYtpzGer
f}YelG}onkuùqksruttpzèGwelk~Gi;t9¨Kqkvxm9Gwfel1Gi;tatilkAo5ilzYtpzGerAf}YelG}o
kuù¯ksrutj}vk¤mGffr}Y;tyzYvk¤eß/rwetItpzèy/}Y;wl|Ö}YrutwlvkY9h~iemm9qksr}Ywempk¤mwer¦iÂ}
ofilzYtpzGerŁf}YflG}oÎeqkv¤yŁwempt3ie}¥¡Yk/}nlks}voqkv|Wksrut¤o¯kv¦zafr3YkzGyktpv?tilk
ruvzGmm ,mpksrutzG"|ázYvo5ilzYtpzGerf}YeeG}ofmÂtpzû}oeoqks}vs~~iekvks}Ymyruvz,mtpvxwerutwlvks
eqkvxmŁGweeeGi;tè;}Ykuùqksrut/my}v1tpz?tpzYt}Y³Rtpkv¦e}YvkeksrutzGúlz?lzYt
lkks¡Ykv*}Yrrwlv¦}tpko¯kv¦zafrt,ntpzn|ÖweerutzG.¶ N+QO¸ÔhjiemAmAvkeksrutpks?tilkt 
kvx}twlvk3ruzGerukvxflèyruvz,mptpv¦werutwlvksÑeqkvxmamerukP|W}v³yzYvxkAof}oqkvxmie}¥¡Yk3¯kks
ofwlfmilks3zGètilk
|ÖweerutzGf}YtksmEzY|fofiezYtpzGerruvamt}Y;f¯kv¦mEtif}tKez¤ezYtQkulie5t
ofilzYtpzGer¤5}YelG}ofm
hjilk}YwltiezYv3zY|Øtiem¤tilksmm3ie}Ym¤zYvÈYks~titilktilkzYvktr}Y9;¡YksmptG}tzG
zY|ofilzYtpzGfr1ruvxampt}YKf¯kv¦mAmerukÂüS"S"QaèªPyoqzYvt}YRt¤yksmptpzGlkŁ}Ym¤vks}Yr¦ilks
þ
¹ﬁºB»¼½¾B¿yÀ*»ÂÁÃ½Oº
tilkYks}v3ÊÍYÍYÍAilkstilktiekoevksmpks;t~}YwltiezYv~
}Ym~}ruzÔ|WzGweelkvAzY|KtilkUruzGyè
of}YRÎ§vÒmpt}YK¨Qevk1ª3«Y¯©§vÒmpt}YQ¨KevkŁª¤«YmPlk¡YzYtpksÎtpzntilklk¡YkszYo5yksRt
}YeÑy/}Y;wl|Ö}YrutwlvxlUzY|£ofiezYtpzGer~ruvxampt}Y5eqkvxmØ}YeÑrwevvks;tèoevzÒewerukA}Yf/mpks
;weykvzGwemÑt,ao¯ksmÑzY|yruvxzGmptpvxwerutwlvxksûeqkvxm¬AzGlk*zY|tilk*rwevvks;t/oevzÒewerutm
}s¡}Y}fk|WvzGyﬃ§vÒmpt}Yj¨Kevkª3«Yú}vkf}YmpksûzGûtilkCofilzYtpzGfrf}YeeG}oûk|
|áksrutltiawemØvkeksrutlŁtilk¤rwlvvks;tksyofie}Ymm9zGÂeqkvxm9tif}tGwflkAGiRtØ;elku
kuù¯ksrutmP}mpzGruzYvkvkGzG£
hjilk3vksy/}Yelkv³zY|Ktiem
tieksmm³m³zYvxG}YeøksC}Ym~|ázGz¥~m^
§
ie}oetpkvUÊneksmruvxqksmPtilkèofi;amr}YEo5}Ylkè}¥¡Yk/yzÒlksQtie}tUmPtilk5}YmmPzY|
tilkAr}Yrwf}tzGemoevksmpks;tpksÑtiemtilksmmKhjilkAlk¡YkszYofyks;tzY|Ä}U|Wwf Ô¡YksrutpzYvx}Y
yzaeks ¯r}o5}fkŁzY|}Ye}YaøslÂeksksrutpvxrUmptpvxwfrutwlvksmP~ti*ieGiruzGyofkult,}Ym
}Y*yo¯zYvxt}YRtjmptpkotpz/tiek1;¡YksmptG}tzGzY|IofilzYtpzGerruvÒmpt}YÄeqkvxmsªPtilzGwlGi
tilkÑofvksmpks;tŁ}YwltiezYvèflzYtèlk¡YkszYotilknyzÒlkslksmruvxqksilkvkY9ilkÑ}YmèzGlk
zY|tOØzoqkzYofktie}t1}Ye}Yaøks(ofilzYtpzGfrèf}YelG}oeqkvxmweml}|Wwf Ô¡YksrutpzYvx}Y
yzaeks
¶ üQÒ=Nba}¸Ôhjilkèf}Ymxm¤zY|Øtifm3yzÒlksK}YmUlk¡YkszYoqks(ewlv¦l/tiek}YwltilzYvxm
Ð}YmptpkvŁhjilksmm1hjiekèr¦ie}oetpkvŁ}Ympzlksmruvx¯ksmPtilkyktilzawempkstpz;¡YksmptG}tpk
ofilzYtpzGer/ruvamt}Y9eqkvxmE}Ye?zùqkvxmUfmGi;t3tpztilk/yzae}Y9¯ksif}s¡ÒzYvzY|³yruvz
mptpvxwerutwlvxkseqkvxm
§
ie}oetpkv3þR¡YksmptG}tpksmA5}Ymr3oevxzYo¯kvxtksm³zY|9oqkvxzÒer¤eksksrutpvxr3mptpv¦werutwlvksm
Ot9mKlksmxruvxqks1iez¥ûzGlk³r}YRtpvzÒeweruk
}Yèkuùqksrut¡Yk~eekuUtpz}¤ofilzYtpzGerØruvÒmpt}Y
Rtpksflks1}YmI}Pr}Yefl~mptpv¦werutwlvkzY|f}PofilzYtpzGerruvÒmpt}YaeqkvsEh~ilkØr¦ie}oetpkv9}Ympz
Rtpvxzaewfruksm³mptpvxwerutwlvxksm³~tinofiezYtpzGer¤f}YeeG}ofm
µÑrxie}oftpkvNl;eqkvxmI~ti}Y/kuù¯ksrut¡YkPmptpkoÂelku}Ye}YzYY}vxk~;¡YksmptG}tpks£
hjilkCmpoqksr}Yjrwet ÔzùﬁofvzYoqkvtksm}YetilkC×;wf}Yt}t¡YkCqksie}¥¡azYvzY|Ptieky}Yruvz
¯ksfelèzGmmpksm~}vkU;¡YksmptG}tpks£OtAm³milz[~tie}tjtiekeqkvxm³y}¥Âqkwemksn|ázYv
lzGeeks}vPofvzaruksmxmpksmÄmwer¦i?}Ym3kY lŁ~ietpkGi;tPYkslkvx}tzG£E}Ym3ØksQ}Ym|ázYvlzG
lks}vPofwlvoqzGmpksmsAhjilkŁoqzGmm5tOÑzY|eksmGeeeqkvxmA~ti}ÑyzÒlkŁeksruvzGmm
mpksrutzGntie}t³m}YyzGmpt
;¡Ì}v¦}YRt
}Ym
}Ł|WwefrutzG/zY|©tilk¤}¥¡YkskslYtim
milz[~Ñ|ázYv
tilkevxmt³tykY
§
ie}oetpkvCYemrwemmpksm
o5ilzYtpzGer35}YelG}of¯kv¦mhjilk1ilzGlkÒruzGyUofilzYtpzGer
f}YelG}oûilzGekaruzGy1ûeqkvlksmGfm}vkCmilz[~tpz?qkn}5ktpz?kuÒifftèmptpvzGl
o¯zGmxt¡YkÂYvzGwloú¡YkszÒrt,emo¯kv¦mzG£oµtèmŁmxilz¥~tif}ttiemèmŁvks}tpkstpz?tilk
mpoqksr}Y¯ksif}s¡ÒzYvzY|AtiekÂ|Wvx}YrutzGzY|PtilkkslkvxYzY|AtilkGwelksyzÒlkntie}tm
oevzYof}G}te/}Yvs
µŁrxif}oetpkv9QaGyruvzGmptpv¦werutwlvks3f¯kv¦m©mwet}fk9|WzYvEYvxzGwlo1¡YkszartOempoqkvxmxzG
ruzGyoqksem}tzGn}vk3emxrwemmpks£KhjilkAoevksmpks;t}tzGn~lksyofif}YmøkPtilk¤oevxerofksm
weelkvxaejofilzYtpzGerruvÒmpt}YaeqkvxmQlksmGlks1|WzYvKfmpoqkvxmzGUruzGyoqksem}tlPofwlv
o¯zGmksme}Ymjks£}Ym~RtpvzÒeweruk3aweykvxr}YqkuÒ}Yyo5ksm³zY|Imwer¦iCmptpvxwerutwevksm
µrxif}oetpkvna;j}mwfyy}vúm/G¡Yks}YzGl~timpzGyk*zY|tilkruzGerweel
vksy}vÈÒm³tpztiem³tilksmms
N
¨ ©«ªA¬®­v¯.° Å
´³  ³³³ Æ    ﬃ 
	   
  
Ðruvxz,mptpvxwerutwlvxksèeqkvxmE}vxkf¯kv¦mEAti1}¤v¦rxiŁtpzYoqzGzYY11tiekvxk|ávx}Yrut¡Yk
elku
zY|Atilkr}YfelÎmptpvxwerutwevkÇ¶ NRËO¸ÔhØaofr}YYØ}y/ruvz,mptpvxwfrutwlvkseqkvèruzGemmpt
zY|¤}}vYkCawey1¯kv/zY|¤}Yvp,ilzGksmksy1qkselksúAtie}(mr}f}YrÈaYvzGwefilzGmpt
y}tpkvx}Y E~iekŁtiek/ruzYvkuÔvkGzGm3tpzYoqzGzYGr}YÎyzYvk/myofk¥¶ NeüY'N+Sc¸Ônat 
tilkruzGyofwlt}tzGf}YØlksy/}Yeem1|ázYvr}Yrwe}tltilkÂr¦ie}vx}YrutpkvxmptrmèzY|~}yruvz
mptpvxwerutwlvxksÑf¯kv
}Yrrwlvx}tpksYe}vkA|Ö}v³Yvks}tpkv³tie}YÂtilk3ruzYvvxksmpoqzGeel1lksy}Yeem
~ilks?r}Yrwe}tltilkr¦ie}vx}Yrutpkvxmtrm3zY|
mpt}Yee}vxmptpkoeekueqkvxm£qksr}Ywempk
zY|ØtilkeksksrutpvxrŁruzGyofkultOzY|
yruvz,mptpv¦werutwlvkseqkvxmèÏ¤lkŁt,ao¯kzY|yruvz
mptpvxwerutwlvxks?eqkvxm3mÃØilzYtpzGer/Ç}YflG}oeqkvxmsÄtie}tGwelkGi;t3;?}Ykuù¯ksrut
tie}t~y}¥Âqk3mpkksC}YmA}YzYoetr}Y©}Ye}YzYGwlk3tpztiek3ksksrutpvzGer¤5}YelG}ofm³zY|Kmpksy
ruzGeewerutpzYvxmk¶ ü*a _Nba}¸ÔjOtŁm1of}vtrwe}vxÎlksy}YeelCtpz?y}ÈYknr}Yrwe}tzGfmUzG
mwerxiÎÃØilzYtpzGer1Ç}YflG}o?eqkvxm¯meruk1tilk1Gwflksyzalksm¤}vkèlzYtPvkoevksmksRtpks
;ntilkz[ØksmtjksYks;¡Ì}YwekUmpzGwltzGem
tpztilk3ksYks;¡}YwlkoevxzYfksyÈ¶ üSO¸Ô
Ð}Y;ﬁyktilzÒemnie}s¡Yk?qkksﬁmwlYYksmptpksﬁ|WzYvCr}Yrwe}tl}Ymo¯ksrutmnzY|Łyruvz
mptpvxwerutwlvxksúeqkvxm
erwfel}hEvx}Yemp|WkvÑÐ*}tpvx ûyktilzÒÉ¶ ü*aO¸Ô³}Òtpko elku
¨Q¯kvA}Ye}YzYYw¶PYÍeBYÒüV¸E~iekvktilkŁyruvz,mptpv¦werutwlvksf¯kvAmjtpvks}tpks}YmP}/mptpko
elkuúeqkv~tiû}mptpvxzGlG}¥¡YkskslYti"lkoqkseeksRtvk|Wvx}Yrut¡YkÎeekuzY|3tilk
r}YeeelP}úzÒr}Yøksﬁ|ÖweerutzG"yktilzÒ"~ilkvkÎtilkksksrutpvzGy}Glktr?eks"m
kuaof}Yflksúzar}Yøksf}YmmŁ|ÖweerutzGemèmwfrxiú}YmAkvxytpkuµ¢¤}Ywfmm}Y|ÖweerutzGem
¶ N+QÒY ÊO¸Ô
tilkCo5}Ylk
}s¡Yk*yktilza¶ Nba}¸~tie}tÑ~qktpvks}tpksútiemr¦ie}oetpkv
}Ye}¨QetpkØksyks;t/yktilzÒ¶PY þO¸Ô®Ï¤ekCoqzGmmfknyktilzaÄtif}tÑie}¥¡YklzYt
¯kks}Yeevksmmpkstilktpkvx}twlvxkYQ|WzYv;¡YksmptG}tlÎyruvxz,mptpvxwerutwlvxkseqkvxms
mŁtilk¨QetpknÅPù¯kvksfruknh~yknlzGy}YyktilzÒem9o5}vtrwe}v¦Î~tioqkvxzÒer
¯zGwfee}vÂruzGeetzGfm
Y
Êj½¾ZËÌÍÌÍÁ)ºZÎvÏ!Ð/½y»Ñ½Oº`ÁÂÀ

¼ÓÒ`Ô»RÕcÌ=Ö&ÁÑ×Ë¼-Ô
hjilkèoevksmksRt3rxif}oetpkvlksmruvx¯ksmAtilkèof}YekuÔ}¥¡YkyktilzÒwfmpks|ázYv3tilkr}Y 
rwe}tzGem
AtieÑtiemtilksmmIhjilk3rxie}oftpkv~lzaksm³lzYtjr}Yylilz[Øk¡Ykv¥etie}t³tiem
mtilkAqksmpt
yktilzÒÂ|ázYvj}Yf}Y;øsl1yruvz,mptpvxwerutwevks/f¯kv¦mtilkzYvxktr}YY9Ø}Yrxi
zY|Ptiek}qz¥¡Yk*yksRtzGeksûyktilzÒemè|WzYvÑ;¡YksmptG}te(yruvz,mptpv¦werutwlvksúf¯kv¦m
ie}Ym¤mpoqksrfrU}Ye¡Ì}Y;t}Yksm¤~ilks}Ye}YaøslÂyruvz,mptpv¦werutwlvks*eqkvxm3azGykèmpoqku
rfrvxks}YmpzGemPtie}tPtilk1o5}Ylk
}s¡Ykyktiezamjofvk|ákvxvks*tiem~tilksmmPy}¥Cqk
mptpksÑ}Ym^jü¥Õ9 PeÈYk~tilk¤h©v¦}Yemp|WkvÐ*}tpvx Ñyktieza£atilkP¨QetpkAÅ¤ ùqkvkseruk¤hjyk
ÅAzGy/}YÎyktilzÒzYv¤tilkèfetpkUksyksRt3ÐCktiezatilkŁof}Ylk1}¥¡YkyktilzÒÎmA}
yzaf}Y;yktieza£GyofÒl³tie}tQtilk
yzÒe}Y;f}twlvkzY|ftilk
mpzGwltzGemÄtpzÐ*}ÌaksÂLÆm
ks×;we}tzGemmPG¡Yks(fvksrutYèÊGÕP¬~zof}vxtrwe}v¤ÈÒlz¥~kslYk}qzGwlt¤tilkmpzGwltzG
mvxks×;wevks£RAilkvks}Ym
}èrxie}vx}Yrutpkv¦mptrA~ltiÂ}YeÂruksRtpkv³zY|©ks}Yrxinf}Ymm|ÖweerutzG
y1wemtŁqkrxiezGmpksú~titilkzÒr}Yøks|ÖweerutzG}oeofvzG}Yrxi£úþGÕŁ PeÈYkntilkmptpko
elkueqkv}Ye}YzYYút/m}?|Öwe¡YksrutpzYvx}Y~yktilzaûtie}tÑm/}oeofksevksrut
tpztilkeqkvUeksmG??×awlksmptzGÄ/¨ewlvtiekvU}Cmptpkoelkueqkv}Ye}YzYY?r}YelzYt
¯k1wempksCtpzÂmpzG¡Yk1oevzYfksy/m³R¡YzG¡aeeqkvxm³tie}tAGwelkUGiRt³atilkUÃØilzYtpzGer
Ç}YflG}o/kuùqksrut9N;ÕKªPzYoety/øksyktilzÒÓWtilk~¨f}YmptØ¨lzGwevxkvhEvx}Yemp|WzYvxyÑÕEkulmpt
|ázYvUr}Yrwe}tlntilkz[¡Ykvx}oRtpkYvx}Ym¤zY|Øtilko5}Ylkè}¥¡YkÑyktieza£èhjilkvxk|ázYvkY
tilk3of}YlkP
}s¡YkUyktiezany}¥Ñqk¤r}Ymptjn}è}¥Ñtif}t
mxr}Yksm³|Ö}s¡YzYvx}f/~tiÂtilk
ruzGyofkult,ÂzY|Ktilkeqkv³lksmG£
ØCÙ-Ú
4G	qÛÜ
1
9<B<BhÝÞ
°
Ý=4;ß,9ÝB-9<o4:7
D
àB
F
6(Eá 48!6
h©z/y/}ÈYk1r}Yrwe}tzGem³zY|Iyruvxz,mptpvxwerutwlvxksneqkvxmlzGlkUyŁwempt³qk}fk3tpzÑr}YrwÒ
}tpk
¯zYti1tilk
rxie}v¦}YrutpkvxmptrmQzY|etiekØGwelksUyzÒlksmY}Ye1zY|etilk
r}Yefl~yzÒlksm
¢¤welksyzalksmA}vkUyzGmtjzY|átpks*yzÒlksm³tie}t~}vxkØksÄzÒr}Yøks£l~ifk3r}Yeel
yzaeksm9t,aofr}Y1kulmptØ/yzGmt9zY|£tilk~r}Yfelmptpv¦werutwlvkYIhjiem9m9lzYte ùqkvks;t
|ávzGy¿tiekjmtwe}tzGèèmpt}Yfe}vxèzYoetr}YÒf¯kv¦mØGiez¥k¡Ykvs;tiek
ruzGyofkult,1zY|5tilk
r}Yeeeèmtpvxwerutwlvkyruvz,mptpv¦werutwlvksnzYoetr}Y£eqkvxm³r}YwempkUtilkUlksy}YfnzY|K}
yzaeks£tie}tjmj}5k3tpz/lksmruv¦qk¤r}YeelèyzÒlksm³~ti}ruzGyofkunYkzGyktpvY
ª
tÑtiek|Öweee}Yyks;t}Yjk¡YksAzGlky}sûemptlGwemi¯ktOØkksyzÒe}YjyzÒlksm
ÓÖmwerxi}Ymtiekof}YlkuÔ
}s¡YknyktilzÒ?zYvŁyzaeksmwemlCzÒr}Yøks?|ÖweerutzGfm¦Õ¦E}Ye
oevzYof}G}te*yzÒlksmÂÓÖmwerxi}Ymè¨Qetpku,Å¤ ùqkvkseruk/hjyku,ÅPzGy}YyktilzafmQ¨K 
etpkksksyksRtèyktilzÒem3zYvèh©v¦}Yemp|WkvŁÐ*}tpvx (yktilzÒem¦Õ¦Ðzaf}YyktilzÒemUzù¯kv
Yz;zÒweflkvxmpt}YeflzY|PtiekyzÒe}Y³e}twlvkzY|PtiekCoevzYof}G}tzG£ØAieknoevzYoe
}G}tlyzÒlksmny}¥yzYvkÎvks}Ye¯k?yofksyks;tpkstpzûerweek*lzGÒ,yzae}Y
rxie}vx}Yrutpkv¦mptrmemxwerxin}Ym³ruzGyofkuÂeksksrutpvxr~ruzGfmpt}YRtmsª
t³tilk¤oevksmpks;t³k¡Yks¯zY|
R¡YksmtG}tzG£¯tilk1}YwetilzYvA|Ö}s¡YzYv¦mPyzae}Y©yktilzÒem5iez¥k¡Ykvs£Ctilk1|Wwetwlvktilk
}Ye}YÒmm9zY|Eyruvz,mptpv¦werutwlvks/eqkvxmy}¥vks}Yr¦i}Uk¡Yks atie}t
zGwe/eksruksmmt}tpk
tilkUerwemzGÑzY|IlzGÒ,yzÒe}Y£yktilzÒem
Q
Êj½¾ZËÌÍÌÍÁ)ºZÎvÏ!Ð/½y»Ñ½Oº`ÁÂÀ

¼ÓÒ`Ô»RÕcÌ=Ö&ÁÑ×Ë¼-Ô
ÐCzÒe}Y
yktilzÒemŁ;¡YzG¡YkÑtiekÑkuÒof}YemzG(zY|jtilkÂeks}YmèmwloqkvoqzGmtzGem¤zY|
f}YmmI|ÖweerutzGemRmwfrxi/}Ymof}Ylk~}¥¡YksmÃ}Ylk³}¥¡Yksm
}vkj¡Ykvkß/rksRtØ|ázYvyzal
kslÎoqkvxzÒerÂeksksrutpv¦rnmptpvxwerutwlvxksmmxerukntilkCf}Ymxmè|WwferutzGemCÓÖruzGmlksm¦Õè}vk
mpof}t}YÂkuÒtpkselksÎ}YmP}vkŁtilkŁyzalksmAzY|IoqkvxzÒer3eksksrutpvxr1mptpvxwerutwlvxksm:Az¥³
k¡Ykvs£of}YlkU}¥¡Yksm}vkèlzYtAksmo¯ksr}Ynkß/rks;tP}t¤lksmruv¦flÑzar}YøksyzÒlksm
mwerxiú}YmtilknGwelksyzÒlksmèzY|Ay/ruvz,mptpvxwfrutwlvkszYoetr}Y
eqkvxms9merukÂGwelks
yzaeksmP}vxkŁlzYtPoqkvxzÒer3mpzGwltzGem3Ï¤lkŁy}s*of}vtvksmzG¡Yk1tifm~ks}ÈÒlksmmPzY|
tilk³of}YlkuÔ
}s¡YkAyktilzÒ£Y;ŁyoqzGmeA}Y}vtfr}YaoqkvxzÒertO3tpz3tilk
oevzYfksyC
hjiemmlzGlkP;vxko¯ks}tl1tiekPruzYvkuÔvxkGzGnoqkvxzÒer}YŁ~tiftilk¤l5etpk~e
ksksrutpvxrŁr}YeelmptpvxwerutwevkY5tiawemPCkuùqksrut3ruvks}tlÂ}nLÆmxwloqkvxruksÂLEÓÖmkkl~TWd¯Z©\Ì]
âÂ
Õ3tie}tUy}¥qk}Ye}Y;økswemlntilk/of}YlkuÔ
}s¡YkÂyktilzÒú|µ|ØtiekoqkvxzÒer
LÆruzYvksmL³}vk*mof}Yruksmxwlß/rks;t|W}vn}of}vtÑtpzksfmwlvkCtif}tÑtilke ùqkvks;tÑruzYvku
vkGzGem9ezlzYt}Ìùqksrutks}YrxiÑzYtilkvmxGefr}Y;tnÓWtilk~møk³zY|¯tilk~mxwloqkvxruksÒmilzGwe
¯kÂmGefr}YRt}vxYkv1tie}YtilkÂkuù¯ksrut¡YknyzalkÑ}vks}zY|~tilk/GwelksyzÒlksm¦Õ¦
mwerxi"}mwloqkvxruksAyktiezaﬁy}¥ÒksruzYvvksrutneksmpzGwltzGem/|WzYvtilkGwelks
yzaeksm9~z[Øk¡Ykv¥¯mzG}tlètilkruzYvkuÔvxkGzGemj|WvzGy-ks}Yr¦iCzYtilkv¥ezY|átpkslksy}Yeem
}}vYk3mwloqkvxruks¯}Ye£Òtilkvxk|ázYvkYfksl|ázYv¦ruksm
tilklkksnzY|E}}vYk3;wey1qkv
zY|©eks
kuaof}YfmzGtpkvxymItpzÎksemxwlvknmwlß/rks;t(lkt}Yksvxkoevksmpks;t}tzGzY|~tilkÂeks
mpzGwltzGfm1}YezY|jtiekÂeksksrutpvxrÑmptpvxwerutwlvxkYÎ¨ezYvtwee}tpksY}YzYoetyøksof}Yek
}¥¡Yk¤yktilza/kuÒmpt9tie}t
}Yz[~m9}Ł}vYk~awey1¯kvØzY|qof}Ylkj
}s¡YksmtpzŁqk~erwflks
tilkr}Yrwe}tzGfmv¶PYON"¸ÔÄmerukmpzGykŁzY|Øtilkr}Yrwe}tzGem¤milz[~ÎtiemPtilksmm
ie}s¡YkŁlksy}YelksntiekUwempk3zY|KyzYvktif}YkN/yzGÑof}Ylk¤
}s¡Yksm
~TWd5ZE\[]
âÂ
gÄh~ilkÑmweo¯kv¦ruks9}oeoevxzsly}tzG£*hjilkÑruzYvxkuÔvkGzGm1vkoqks}tpkstpz
ruvxks}tpk/}Âo¯kv¦zafreksksrutpvxr1oevzYfksy tie}t3y}¥*qkèmpzG¡Yks?weml
tiekof}Ylk¤
}s¡YkŁyktilzÒ
a
Êj½¾ZËÌÍÌÍÁ)ºZÎvÏ!Ð/½y»Ñ½Oº`ÁÂÀ

¼ÓÒ`Ô»RÕcÌ=Ö&ÁÑ×Ë¼-Ô
ØCÙÓØ ãAä
 ° 6-
_å+æ 9çG«á &
ä
48
hjilkŁof}YlkuÔ
}s¡YkyktiezaÎmP}Âo¯kv¦zafr3yktilzÒÎtif}t¤tPr}Yrwf}tpksm¤oqkvxzÒer
eksÂmpzGwltzGfm~tieoqkvxzaerjeksksrutpv¦rAmtpvxwerutwlvksmsKh~ilkAfksÑmzGwltzGemlkks
tpz/m}tmp|WÐ}ÌÒØksÂLÆm³ks×awe}tzGem^
èêé
 ë
Í
è®ì¥í.î
ü
ïJð

ð#ñ
ë
Í
èêé 
ë
N$òó
èÜì¥ô«õ
ü
ï ð
 
ð#ñ
ë
N$ò
ï
H Ó Êaü¥Õ
~kvxkíM}Yejô}vk1tiekŁy}YruvxzGmruzYofr1ksksrutpvxrŁ}YeÎy}GlktrUeksem {}Ye

}vxkÂtiekCempof}YruksyksRtè}Yey}GlktreewerutzGeksemI~iek|ó}Yf.H}vk
tilk|Wvkkrxie}vxYksmA}Yerwevvks;tm¨lzYvAtilk3zYoetr}Y£f¯kv¦m
ØkAqr}Yrwe}tpkweo¯zGÄ
ØkP~f}YmmweykPtie}ttilkPeqkvØruzGemmptzY|Äks¯lkflks/vkGzGemzY|ÄilzGyzYYkslkzGwem
eksksrutpvxr³y}tpkvx}Y a}Yetie}tlzUmpzGwevxruksm9zY|£Gi;tIkulmptfmlktilk~f¯kv¥Gmpztie}t
lz|Wvkkrxie}vxYksm~zYv~rwevvks;tm³kuÒmptjemlkAtiekeqkvs
 ?k¤|WwlvxtilkvGlzYvkAezGelks}vØkuù¯ksrutmpKtif}t
m9kP}YmmxweykPtie}tíÁ}Ye,  }vk
lks}vxŁvxks}tpks£l}YeÂtie}t
tilk3y}tpkvx}YmØAtie/tilkAf¯kv3ÓWt,aofr}Y/mr}U}Ye
}Yv6ÕA}vkmpzYtpvzYo5r1}Yf?y}YruvzGmruzYofrÄti;wfmAksfmwlvxe/tie}tíÓÖ\böà÷ØÕP}Yeo (ÓÖ\+öà÷ØÕ
}vk³vks}tpksa1}3mxr}Y}v9eksksrutpv¦rØruzGfmpt}YRtø¥ÓÖ\böà÷ØÕ¦9É©}Ympt9tImK}Ymmxweyksètie}tItilk
eksksrutpvxrmQy/}sŁ¯k³lksmxruvxqksUaUvxks}Yl;wey1qkvxmYtie}t9mEkjGlzYvxk
zGmmpksmKhjilksmpk
ÓÖ×;wetpkÂwemxwe}YáÕ¤}YmmxweyoetzGfmUy}ÈYkt1o¯zGmxmfktpzvksewfruknÐ*}ÌaksÂLÆm1ks×awe}tzGem
tpz^
è7é*ôÓÖ\+ö
ñ
Õ
ë
Í
èÜì¥íÓÖ\bö
ñ
Õ=î
ü
ï
ð
ôÓÖ\+ö
ñ
Õ
ð#ñ
ë
Í
èxé*ø¥ÓÖ\YÕﬁíèÓÖ\bö
ñ
Õ
ë
Í
èÜì¥ôÓÖ\bö
ñ
Õ&õ
ø¥ÓÖ\YÕ
ïùð
íÓÖ\+ö
ñ
Õ
ð#ñ
ë
Í Ó Êa ÊGÕ
ÒerukÐ*}ÌaksÂLÆm¤ks×awe}tzGfm3}vklks}vsqky}sÎlksmruv¦qk1tilkètykèeko¯ksl
lkserukèzY|tilkfks*mzGwltzGems¯aCkuÒof}YeelÑtiekŁfksemPRtpz}mpkt¤zY|ie}vxyzGer
yzaeksmhjilkstilkÂe ùqksRt}tzGem~ti(tykÂÓ Êa ÊGÕ1myoffksmÄtiawem1y/}Èae
tjoqzGmm5kAtpzÂlksmruvx¯k¤ks}Yr¦i*yzÒe}Y£fksmpzGwltzG;}YzYoqkvx}tpzYvPks×awe}tzGC
Ë
Êj½¾ZËÌÍÌÍÁ)ºZÎvÏ!Ð/½y»Ñ½Oº`ÁÂÀ

¼ÓÒ`Ô»RÕcÌ=Ö&ÁÑ×Ë¼-Ô
kstilkvŁtilk/ksksrutpv¦rzYvŁtilkÑy}Gektr/fksÓ Êa þGÕ¦I~titilkÑruzGfetzG?tif}t1tilk
e¡YkvYkserukUzY|Qkstilkv³tilkUy}Gektr3zYvjtilk1empof}YruksyksRt
eksy1wemt³¯k3økvxzl
è®ìnèÜì¥íÓÖ\YÕ
ë
Ó
÷
ï
Õﬁúø¥ÓÖ\YÕﬁíÓÖ\Õ
èzìÓ
ü
ø¥ÓÖ\YÕ
èÜì¥ôÓÖ\ÕpÕ
ë
Ó
÷
ï
ÕﬁúôÓÖ\YÕ Ó Êa þGÕ
hjilkvôCÔeksÎzYoqkvx}tpzYv1m3}Cmyo5klAkvxyt}YÎzYoqkvx}tpzYvsQ~iekŁtilkvíAÔeks
zYo¯kv¦}tpzYvmè}*Yksekvx}Yøks.Akvxyt}YzYoqkvx}tpzYvs(¨ewevtilkvxyzYvxkY9tilky}Glktr
eksmUtpvx}Yfmp¡YkvxmpkYI~ifrxivkseweruksm1tilkÑmxøkÑzY|³tiekÑksYks;¡}YwlkuÔoevzY5ksy*Ï¤lk
y}sûvxksr}YmptntilktíAÔekszYoqkvx}tpzYvRtpz}mxyofkksYksR¡}Ywlk*zYoqkvx}tpzYvûtilk
 ÂÔeks£hjilkÅAÔeks?m3}Ympztpvx}Yfmp¡YkvxmpkYQilz¥k¡YkvsKwel|WzYvtwee}tpks*tilkv ÂÔeks
zYo¯kv¦}tpzYvmnlzYt¥Akvxyt}YÄMhjilkvxk|ázYvkY¤t}oeoqks}vxmÂtpzúqk?ruzGyofwlt}tzGf}Y
yzGmptkß/rks;tètpz(r}YmptètilkksYks;¡Ì}YwlkuÔoevzYfksy{}Ym}YksYks;¡}YwlknoevzYfksy{
tilkUy}Glktr3eksÇ¶ üÍc¸Ô
ªArruzYv¦elCtpz*Çzar¦i=LÆm3tilkzYvksyC©tilkfks?mpzGwltzGem3}Yz[Øks(?}oqkvxzÒer
eksksrutpvxr3mptpvxwerutwlvxkr}YCqklksmruvx¯ks}YmA}of}Yek3}¥¡YkŁyŁweto5ksÑ;}Ç
zÒrxi
mpzGwltzGÄl~tintilkm}YykoqkvxzÒertO/}Ym³tilkU}tptrukUmptpvxwfrutwlvk"^
ôÓÖ\YÕ
ë ûüþý+ß  
ZØÓ&ö\YÕ
ZÓ&ö\YÕ
ë
ZÓ&ö\:î.¦Õ Ó ÊaPN;Õ
~kvxk¥¦ vkoevxksmpksRtm}?}tptrukn¡YksrutpzYv/zY|~tiekÂoqkvxzaereksksrutpv¦rÑmtpvxwerutwlvkY
tie}t/m¦
ë
¦Jî¥¦
ú
~ilkvk ¦}Yfq¦
ú
}vkofvxyt¡YkÂ}tptrukuÔ¡YksrutpzYvxm
}YeÑyM}YeÂ/}vkP~ilzGkA;wey1qkvxmKhE}ÈÒl1tilkA¨ezGwlvxkvØtpvx}Yemp|WzYvxyMzY|£tilkAÇ
zÒrxi
mpzGwltzGnG¡Yksm^
ZØÓ&ö\YÕ
ë 	

Ó

Õ
û
ü:ß  
]¯Ó©Õ

ZØÓ&ö\:î.¦Õ
ë 	

Ó

Õ
ûü:ß 
]¯Ó©Õ

Ó ÊaWYGÕ
Ó ÊaWYGÕjmxilz¥~mjtie}t


Ó

Õ
ë

Ó

Õ
û
ü:ß 
ezYvAruzYvvksmpoqzGeelGB^

é¦
ë
Êcò Ó ÊaWQGÕ
S
Êj½¾ZËÌÍÌÍÁ)ºZÎvÏ!Ð/½y»Ñ½Oº`ÁÂÀ

¼ÓÒ`Ô»RÕcÌ=Ö&ÁÑ×Ë¼-Ô
ª~G}YÑvxkoevksmpks;tm³}è~ilzGk¤aweyUqkvs§
ks}vxtilk

Ô¡YksrutpzYv¦m~lkfekP}lk
}tptrukP~tioev¦yt¡Ykj}tptruk~¡YksrutpzYvxm



ú
;mwer¦i/tif}t¦
ü
é
ﬁﬀCë
Êcòﬃﬂ
ü
ﬀ
Ò  ﬀ
ë
ü ÊaÄ}Ye*mxwerxitie}t¤}ÂvksroevzÒr}Y©}tptrukuÔ¡YksrutpzYvUmAG¡YksÎ}Ym
Èë&
Äî

ú

ÇØksr}YwfmpkÑzY|³tiekoqkvxzÒerèeksksrutpv¦rmptpvxwerutwevkkÑy}¥YQtiekvk|ázYvxkYQvxkof}Yruktilk
RtpkYv¦}Y;ÂÓ ÊaWYGÕE~ti1}~mwey/y}tzG1z¥¡YkvI}YGoqzGmmxfkIvksroevzÒr}Y;}tptrukuÔ¡YksrutpzYvxm
}YeèempkvtQtilk
mweyy/}tzGèRtpzÓ ÊaPN;ÕQtpz¤zYet}Yè}YŁkuÒoevksmmzG1|WzYvKtilk³y}Glktr
eks£
ôÓ&ö\YÕ
ë! 
"$#%#

ú
 
#&



#
Ó&ö

Õµ]
#
Ó,î

Õ
ûü'þý()*Âß  
Ó ÊamaYÕ
Ó ÊamaYÕÄmxilz¥~mÄ~iRAtiemÄyktilza3mÄruzGyyzGe~tpkvxyksUtilkIof}YekuÔ}¥¡YkØyktilzÒ£
}Yrxiyzalk3ÓWzYvK|ávxks×;wlksfruruzGyoqzGlksRt¦ÕEmQlksmruv¦qksU}YmK}YèlfetpkmweyÁzY|eof}Yek
}¥¡Yksmj~tiû}¥¡Yk¡YksrutpzYvxm+jî

"Çk|WzYvkÓ ÊamaYÕ/mfmpkvtpksûûtilkzYoqkvx}tpzYv
ks×;we}tzGÓ Êa þGÕjzGlkUyŁwemptAksemwlvk3tif}t~tilkŁr}Yrwe}tpks*mpzGwltzGfmj}vkUtpv¦}Yemp¡Ykvxmpk
ÓÂè{é-ô
ë
ÍRÕ¦hjifmmksemxwlvksÑ;/r¦ilzazGmlŁtilk3weet Ô¡YksrutpzYv¦mmxwerxiÂtie}t^lî


],[Ó|î

Õ
}YeC]
ú
Óﬃî

Õ|ázYv¦y }ètpvx}YÓÖ}vxkzYvtilzYYzGe}Y©tpzks}YrxizYtilkv6Õ¦
].-GÓ,î

Õ_éRÓ,î

Õ
ë
Í
]0/aÓ,î

Õ_éRÓ,î

Õ
ë
Í
]
-
Ó|î

Õ_és]
/
Ó,î

Õ
ë
Í
Ó Êa ËGÕ
hjilk¤eksksrutpv¦rjmptpvxwfrutwlvk¤}Ye/tiekPÇ
zÒrxiÒ,mzGwltzGÂmie}vkAtilk¤m}YykPo¯kv¦zafr6
t,YfmzØk1r}YC¨lzGwlvxkvpÔtpvx}Yemp|WzYvxy-tiekUeksksrutpv¦r¤ruzGempt}Y;t~}Ym^
ü
ø[ÓÖ\Õ
ë
 
"1#2#

ø43


ûü:ß  
ø
3


ë
ü
576
	
"98
ü
ø[ÓÖ\Õ
û
3
ü
ß  

ú
\ Ó ÊaWSGÕ
~kvxk
5:6
m/tilk*}vks}mpof}Yflksúaútilk*weft ,ruks 
lkflks;g¦

}YeE¦
ú

A}¥¡aeÂkuÒof}Yeeks*tiekŁy}GektrŁeks}Ym¤ØksQ}Ym¤tilkeksksrutpvxrUmtpvxwerutwlvkYqtilk
ksYksR¡}Ywlk¤ks×awe}tzG?Ó Êa þGÕy}¥qkPmpzG¡YksÑa/r}YmptlètilkAofvzYfksy }Ym
}Ły/}tpvx 
oevzYfksyýzYvA}Ym~}YzYoqkvx}tpzYvAoevzYfksyC
üÍ
Êj½¾ZËÌÍÌÍÁ)ºZÎvÏ!Ð/½y»Ñ½Oº`ÁÂÀ

¼ÓÒ`Ô»RÕcÌ=Ö&ÁÑ×Ë¼-Ô
;=<';=<?> @BADCFEHG?IKJMLONPI7G?Q?Q?RTSGVUXW*RTUCﬃYZ)U[XL\ACP]^Z)Q?_`SaQbZcLdGbRTUeRTfghSGV[DC.[
i
Rj[C.J
µ1tiemEmpksrutzGŁtÄ~Yqkmilz[~£Yilz¥zGlkmilzGwe¡Ì}v3tiek ¯Ô¡YksrutpzYvs;Rtpvxzaewfruks
?tilkÑoevksrukseeCmpksrutzG£Qtpz*r}Yrwf}tpktilkÑofilzYtpzGerè5}YelG}ofmUzY|
}oqkvxzÒer
eksksrutpvxrmtpvxwerutwlvkYP}Yeﬁtpzûr}Yrwe}tpk?GwelksﬁyzÒlksmoqkvxzÒer*eksksrutpvxr
mptpvxwerutwlvxksmªAmŁ}mpt}vxtlCoqzG;t©k/~IruzGemekvUtilkÂwemtpvx}tzGÎmilz[~
~TWd5ZE\[]
â)
(hEz*tieknk|átèmŁwemtpvx}tpks}*oqkvxzÒereksksrutpvxrÑmptpvxwerutwlvxk/~ti
}Yvp,ilzGksmjof}YruksCzG*}tpvx}YeGwe}vj}tptruk1~tieÂ}/eksksrutpvxr¤f}YrÈaYvzGweeÄhjiek
eGwlvklk5lksm³tilkURtpkvp,iezGkempt}YfrukY,l~etiekUilzGku,e}Yyktpkvse£etiek3oevxyt¡Yk
}tptruk¡YksrutpzYvxm¦+}Ye.¦
ú
}Ye}Îweet ,ruksØmpo5}Yelks;tilknt,z?oevxyt¡Yk
}tptrukuÔ¡YksrutpzYvxmûhEzÎtilkvxGi;tŁzY|v~TWd5ZE\[]
â)
mŁmxilz¥~tilkofvxyt¡Yk/vksroe
vzar}YØ}tptrukuÔ¡YksrutpzYvxms

1}Ye

ú
E}Ye(tilk/ÇvxzGweÒÔøzGlkCÓÖmiez¥~(}Ym1}fwek
ilkuÒ}YzGf}YáÕ¦
1
G2
M K
Γ
G
R1
2R
d Λ
~TWd5ZE\[]
â)
gÄh~ilkrzGmpksÒÔof}YrxÈYkseksksrutpv¦rØmtpvxwerutwlvkYYAti1}Yvp,ilzGksmQof}YruksŁzG
}tpvx}YlGwf}vU}tptruk/~tie?}*mr}Ñ5}YrÈaYvzGweey}tpkvx}YÔÂhjiek
}tptrukuÔ¡YksrutpzYvxmcm

}Yenm
ú
elkfekAtilkwfet
ruks Ihjilk¤vksrofvzar}Y
}tptrukuÔ¡YksrutpzYvxm7op©}Yfpo
ú
[ekflkItilkIvksroevzÒr}YY}tptrukYÌtilk9evxmt
ÇvxzGwelÔøzGlkYj}YetilkÎevxmptÂvvksewfrfkCÇvxzGweÒÔøzGekY$hjiek
mayyktpvÑoqzG;tm,qfÐ(f­%}vkU}Ympzekflks£
¨lzYvÑ}(tpvx}YlGwe}vèmtpvxwerutwlvkYtilkoev¦yt¡Ykn}tptrukuÔ¡YksrutpzYv¦mÑ}vk*lkflksú}Ym
¶PY"YO¸R^
¦

ë
l
Ê
Ó?,î>sr þRÕ
üYü
Êj½¾ZËÌÍÌÍÁ)ºZÎvÏ!Ð/½y»Ñ½Oº`ÁÂÀ

¼ÓÒ`Ô»RÕcÌ=Ö&ÁÑ×Ë¼-Ô
¦
ú
ë
l
Ê
Ó?nõ· r þRÕ Ó ÊaüÍRÕ
Ó ÊaüYü¥Õ
hjilk3oev¦yt¡YkPvksrofvzar}Y©}tptrukuÔ¡YksrutpzYvxmP}vkUruzYvvxksmpoqzGeelGG¡YksC}Ym^


ë
Êcò
l
Ó?¥õ·
r
þ
þ
Õ

ú
ë
Êcò
l
Ó?ﬃî>
r
þ
þ
Õ Ó ÊaüsÊGÕ
Ó ÊaüsþGÕ
Çksr}Ywempk3zY|©tiekPoqkvxzaerjeksksrutpv¦r~mptpv¦werutwlvkPzGlk¤zGe/ekksÑtpzè¡}v/tiekO¯
¡YksrutpzYvxm~tietilkjevxmtÇvxzGwfÒÔøzGlk¶PY"QO¸¯tpzUff}Yetiekj|ávxks×;wlksfrumpzGwltzGfm
tpztilkÑksYksR¡}YwlkuÔofvzYfksy Ó Êa þGÕ¦Chjiek/ÇvxzGwfÒÔøzGlkèmUekflks?}Ym1tilk/}vks}
nvksroevxzar}Yqmpof}YrukÂÓ¯,mpof}Yruk[Õ¦etie}tAm³rzGmpkv³tpztiekruksRtpvx}YÄvksroevzÒr}Yq}tptruku
o¯zGRtAÓÖmxilz¥~Ñ}YmØ}f}YrÈezYtØ}ttiek~ruksRtpkv
zY|qtilkPÇØv¦zGweÒÔøzGlk[Õ¦Ytie}YÑtpz1}Y;
zYtilkvUvksroevzÒr}Y9}tptrukuÔoqzG;tmE}YmŁm3mweYYksmptpksaÎtilk/e}Ymxilks(eksm3wempks?tpz
lkflk1tilk1ÇvxzGweÒÔøzGek¶ üÍ"¸Ô~ªA;oqzG;t~+¯,mpo5}Yruk1qkszGlGm~tpzÂ}ÑÇvxzGwfÒ
øzGlkY³ilz¥k¡Ykvs
zGeruktilkCruks;tpvx}YjvxksroevzÒr}Y
}tptrukuÔoqzG;tmrxilzGmks£ØkC~
vk|ákv~tpz/tilkÇvxzGweÒÔøzGekPlko5rutpksC}Ym³tilkUevxmpt³ÇvxzGweÒÔøzGlkY
ÏP|Wtpks£fzGlk1lz;ksmAlzYt~lkkstpz/¡}v+?~tie}Y£zY|KtilkUevxmpt~ÇvxzGweÑøzGlk
kstilkvn¶ üÍc¸ÔhjilkÂtpvx}YlGwf}veksksrutpvxrÑmptpv¦werutwlvklkofrutpks>ATád¯Z©\Ì]
â)
m
mpkks/tpzèie}¥¡YkCQÍÌ,lkYvxkksm
vzYt}tzGe}Y¯mpÒyyktpvYÒ}Ymks5}YmØ;¡YkvxmzG/mpÒyyktpvY
OtIr}Yèqkmxilz¥~1tie}tKtilk
eksl,mpzGwltzGfm©ie}¥¡Yk³tilkmx}Yyk³mpay/yktpvxksmKt¯,mpof}Yruk
}Ym9tilkjmpÒyyktpv¦ksmKzY|5tiekjeksksrutpvxrmtpvxwerutwlvk³;¡YksmptG}tpksj¶ üÍc¸ÔÏ¤lk³tilkvxk|ázYvk
zGelkksŁtpz¤¡Ì}vxtilk*¯Ô¡YksrutpzYvxmI~tiftilk
mpz,r}YksŁvvksewerfkKevxmptKÇvxzGwe
øzGlkY5lk5lksk~TWd5ZE\Ì]
=âÍ
aÑtilk1mpay/yktpv;Ôo¯zGRt`uGö

ö9v
OtImKrwemtpzGy}vx1}YmmweyksÓ?Qie}s¡Ykjlk¡YkvØmpkks}Pof}oqkvQAti1r}Yrwe}tzGemQzG
ÃilzYtpzGerŁ§vÒmpt}Ym~tie}t¤eClzYt¤}YmmwfykUtiemf}Yrutwe}YCtAm~vx}vksnk¡YksÎyksÒ
tzGlks5Õtie}t³¡}vÒlwÎ}YzGlètilk¤qzGweee}vzY|Etilkvvxksewerfk³evxmpt
ÇvxzGwfÒ
øzGlk~EÒkstilkruzYvvksrut3o5ilzYtpzGerŁf}YeeG}ofm£tilzGwlGiÎtifm¤ie}Ym/ÓWtpztilk}YwÒ
tilzYvxm1Èalz[~kslYk[ÕUlk¡YkvèqkksmtpvxlYks;tÎoevz[¡Yks£*ªPmmwey/lCtiemUmŁruzYvvksrut
zGlk3y}sYÒtilkvk|WzYvkYlfftilk¤f}Yel,mptpvxwerutwlvxk1ÓÖ}YeÂtilk¤ÃilzYtpzGer~f}YflG}ofm¦Õ9zY|
}oqkvxzÒerPeksksrutpvxrPmtpvxwerutwlvk3aÂ¡Ì}vÒl^?}YzGlFu

vuA
µ;tpkvksmptlPemGi;t©}qzGwltQtilkØfksUmpzGwltzGemEm©G}Ylks£Y|ÒzGlkvkjvxtpksm
Ó ÊamaYÕ
}Ym^
ôÓ&ö\Õ
ë{û
ü ýMx+ß  yx
¶
û
ü{z1|1}
 
"1#%#

ú
 
#2&



#
Ó&ö

Õµ]
#
Óﬃî

Õ
û
ü:ß  
¸ Ó ÊaüVN;Õ
üsÊ
Êj½¾ZËÌÍÌÍÁ)ºZÎvÏ!Ð/½y»Ñ½Oº`ÁÂÀ

¼ÓÒ`Ô»RÕcÌ=Ö&ÁÑ×Ë¼-Ô
~kvxkt~
}
m
tilkUy}Gftwelk3zY|Ktilk¯,ruzGyo¯zGeksRtP}YzGltilk1R¡}vx}Y;tjevxksr6
tzG/zY|£tiekAeksksrutpvxr³y}tpkvx}Y :e;~ifk
òClksezYtpksmØtiek~of}Yekjoqkvoqkseerwe}vEtpz
tilk;¡Ì}vx}YRt¤evksrutzG*zY|ØtilkruvÒmpt}Y 1h~ilkètpkvxy emlktilkm×awe}vkèev¦}YrÈYktm
ie}s¡Yktiekm}Yyk3oqkvxzÒertO/}Ym³tilkfksksrutpvxrPy}tpkvx}Y Äµntieku9ÔoqzG;t
ë
ÍÒ
}YeﬁØk?tiekvk|ázYvxkÎruzGfrwelkûÓÖmfruk
û
ü ý x ß   x
ë
ü¥ÕÑtie}tntilk?eksÒ,mpzGwltzGemtpz
tilk1ksYksR¡}YwlkuÔoevxzYfksyif}s¡Ykètilkèm}YykUoqkvxzaert,n}YmPtilk1oqkvxzaer3mptpvxwerutwlvxk
ÓWtie}tmoqkvxzÒert,o¦+è}Yew¦
ú
Õ¦

mks×awe}YØtpz

ú
Ó

:õ

ú
Õ¦9mpzrxilzazGml
 
ë
zGlk5eeksûmzGwltzGemèAtitilkCoqkvxzÒert,w¦  õE¦
ú
}YfÊc¦  
v
ë


Ó Ê

põ

ú
Õ¦lmpzètilk¤eksÒ,mpzGwltzGemØie}s¡Yk¤tilk¤oqkvxzÒertOÊc¦+põt¦
ú
}Ye
¦+Gõ¦
ú
~ilks
ë
v(Ï¤fh
ë
u aks(eksl,mpzGwltzGfm~titilkm}Yyk
o¯kv¦zafrt,Ñ}Ymjtilkeksksrutpvxr¤mptpvxwfrutwlvkY
hjiem©m£yoqzYvt}Y;tÄtpz~ruzGemxlkvÄ~ieksy}ÈÒljr}Yrwe}tzGem£zGUGwelks3yzÒlksm
;CwemxltilkŁmwloqkvxruks©yktilzÒÓW~ilkvxkUzGlkŁtpvks}tPtilk1mptpv¦werutwlvkŁ}YmA}ÑoqkvxzÒer
mptpvxwerutwlvxk[Õ¦nÅ¤ ùqkvks;t1r¦ilzGruksm1zY|AKYkslkvx}Y*Òkse ùqkvksRtUksYksR¡}Ywlk
mpzGwltzGfmÓ$
6
Õ
ú
³ti;wfmÑks}Yfl(tpztilk*f}twlvx}Y~×awlksmptzGû~ierximzGwltzGúqksmpt
vkoevksmpks;tmjtiekU}Yrutwe}Y©yzalk3GwflksnaÂtiekeqkvs9Az¥k¡Ykvs5zGfÑtiekmpzGwltzG
~ti
ë
uÎvkofvksmpks;tmE}Ayzaek~ti1lzAekt ÔkslkvYez[qktOØkksŁtilk
e ùqkvks;t
mwloqkvxruksms©}Ye?tilkvxk|ázYvkB
ë
u¿mU}Y}¥amŁrxiezGmpkstpz*vkoevksmksRttiekGwelks
yzaeksmjntiem
tieksmm
ªAmÑzYoeoqzGmpkstpz×awe}Y;twey ofi;Òmrm/ez|Öweee}Yyks;t}YjkseYtimr}Ykkulmpt/
Ð}ÌÒØksÂLÆmIks×awe}tzGemIhjiekvk|ázYvxkYRtImIrwemptpzGy/}v1tpzU|ázYvxyŁwe}tpk³tiek³of}Ylk

}s¡Yk
yktilzÒ(~ti?ezYvxy}Yøksweetmv¶PY"QO¸Ôﬃµ(of}vtrwe}vtilk/lzYv¦y}YøksÎksYkse|ávku
×;wlksfrksmÑ}vxk7
ú

6
³~ilkvkl-mtiek;tpkvxilzGkempt}YfrukÓÖ}YmÂûtiemtilksmm¦ÕèzYv
}Ytpkvxe}t¡YkstilkA}tptrukAruzGempt}Y;tÓÖ}YmØof}Yf}v9ofilzYtpzGer~ruvÒmpt}Yetpksr¦ielzGzYYeÕ¦
 ?knr¦ilzazGmpkÑtpzÎkt l¿vkoevksmpks;tUtiekÑ;tpkvxilzGkÂempt}YfrukYQmeruk^l¿tilksy}¥(qk
Rtpkvxoevktpks}YmIzGekjzY|5tiekjyks}Ymwlvksmlkfee¤iez¥eß/rwetKt9mKtpzUy/}Y;wl|Ö}Yrutwlvk
}UG¡YksÑeqkvsKªAmpzl;kP~etiemtilksmmjvxtpkAtilkAezYvxy}Yøks/|ávxks×;wlksfrksm
}n|ázYvxy tif}t¤yzYvkvks}YeCmilz¥Am¤tilkmptpvxwerutwevx}YKmøkè|ázYv}ÂG¡YksÎ
}s¡YkskslYti£
e}Yyks
 Ł
³Ï¤|átpkstiek1;¡YkvxmpkzY|KtilkŁlzYvxy}Yøksn|ávxks×;wlksfruY
Ł

e~ierxikU~
ntiem³tieksmm
tpkvxytilklzYvxy}Yøksn}¥¡YkskslYti£¯m³milz[~£
¬~zYtPzGentilk1ksYks;¡Ì}Yweksmffwet~}YmpzÑtilkU
}s¡YkuÔ¡YksrutpzYvxmsTﬃî

}vkŁlzYvxy}Y
øks£/hjifm¤G¡Yksmtiek/lzYvxy}Yøks?
}s¡YkuÔ¡YksrutpzYvxm
ý

ú

î


ú

| ?of}vxtrwe}v3tilk
}¥¡YkuÔ¡YksrutpzYv~ruzGyoqzGlks;t:~
}
tilk~R¡}vx}Y;t9evksrutzGzY|qtilkjt,z,eyksemzGe}Y
ofilzYtpzGer³ruvxampt}YeeqkvxmK~aqk³kuÒoevksmmpksèaètilkjlzYvxy/}YøksèoevzYo5}G}tzGruzGÒ
mpt}YRtp

ú

 Pme*tilksmknezYvxy}YøksweetmItilkyzÒlkÂelkum1G¡Yksatilk
lzYvxy}YøksUoevxzYof}G}tzGruzGempt}Y;t9e¡ÒlksU;Utilk³lzYvxy}YøksU|Wvks×awlkseruYY~iek
tilkYvzGwlo*elkuÂzY|Q}GwflksyzÒlkY
ï0


z
m
G¡Yks;

V4

x



 


üsþ
Êj½¾ZËÌÍÌÍÁ)ºZÎvÏ!Ð/½y»Ñ½Oº`ÁÂÀ

¼ÓÒ`Ô»RÕcÌ=Ö&ÁÑ×Ë¼-Ô
;=<';=<'; U+DLdG?G?`C.[BQbZ)UDCZ`C
i
C`LdADRj[
ªAmyks;tzGlksﬁtilkoevksrukselmwefmpksrutzG£~zGlk?y}sr}YmptntilkÎksYksR¡}Ywlku
oevzYfksy }Ym}*Ð}tpvx*ksYks;¡Ì}YwlkuÔoevzYfksy§³ilz;zGmxlÂtpzØzYvÈ~tiÎtiekv~kvp
yt}YqôCÔeksúzYoqkvx}tpzYv¥zGektilkszYet}Yem} ~kv¦yt}Yûy/}tpvx ksYksR¡}Ywlk
oevzYfksyCj¨lzYvPhAÐzYv¤h~ksksrutpvxzGy}GlktrŁoevzY5ksymUÓÖruzYvvxksmpoqzGeeltpzÂeksl
mpzGwltzGfmAAilkvkètilkkslkvYlzaksm3lzYt3tpvx}s¡Yks}YzGltilk;¡Ì}v¦}YRt3evksrutzGzY|
tilk9t,z,eyksemzGe}YGofilzYtpzGerruvamt}Y ftie}t©m£tilk¯Ô¡YksrutpzYvK|WvzGytilkoevksruksee
mpksrutzG/mKøkvzU}YzGlUtilkj;¡Ì}vx}YRt9evksrutzG5Õ¦Ytiem9yks}Yem9f}YzGe}Yøs}tzGèzY|q}
myofkaxì  y}tpvx ofvzYfksy~iekvk¬mQtilk
;wey1qkvKzY|fof}Yek
}s¡Yksma}YmKØks
}YmtilkÂ;wey1qkv3zY|
vksmpzGwltzG?oqzGRtm¤zY|
tilkÂeksksrutpv¦rèmptpvxwerutwlvxk/Îvksrofvzar}Y
mpof}YrukY
¨lzYv³r}Yrwe}tzGemzGÂyruvxz,mptpvxwerutwlvxkseqkvxmIAti/}UoevzYof}G}tzGÂruzGempt}Y;t
¡
f ù¯kvxksRtQ|ávxzGy®økvzlGiez¥k¡YkvsGtilkeks1kuao5}YemzGem©~ti1tilk
evksrutzGf}YRweet 
¡YksrutpzYvxm1].-/}Ye(]0/Ñ|ávxzGy!Ó Êa ËGÕ¤qkGÎtpzruzGweofktpzCks}Yr¦i(zYtilkvsQ}Ye?zGlkyŁwempt
tilkvk|WzYvkŁf}YzGe}Yøk1}ÑmyofkUÊ¢ ìÊ¢#ksYksR¡}Ywlk1oevzYfksy ¶PY$a}¸ÔPleruktilk
ruzGyofwlt}tzGf}Y©zG}Y|ázYvAksYksR¡}YwlkUoevzYfksy/m³eruvks}Ympksm~~ti+

5}YetilkUlku
y}Yeem©zGUyksyzYvxeruvks}Ympksm©~ti
ú
tiemÄyofksmstie}tEzGlkØr}YflzYtEmpzG¡YkØ}vYk
yruvz,mptpv¦werutwlvkseqkvèoevzY5ksymèawemlÎtiem}oeoevxzG}Yrxi£Ø~titilkoevxksmpksRt
mpt}tpkUzY|IruzGyofwetpkvjtpksrxieezGzYYY
¨lzYv/yzGmteqkvpÔoevzYfksymKilz¥k¡YkvszGlkmèlzYtRtpkvxksmptpksû}?ruzGyofktpk
mpzGwltzGtpzÑtiek1ksYks;¡}YwlkUofvzYfksyAhaofr}YYezGlkèm~;tpkvksmptpksÎÈaez¥~e
tilkŁmo¯ksrfrmjzY|}Ñ|WkÁGwelksyzÒlksm¯~iekzGlkèm~ezYtP;tpkvksmptpksÎÈaez¥~e
tilkÑmpzGwltzGemUtpz*lzGÒÔGwflksyzalksmsnÇ(r}Ymptl*tiek/ksYks;¡Ì}YwlkoevzY5ksy }Ym
}Y(zYoqkvx}tpzYvŁoevzYfksyù¶PYON+¸Ø}Yetilks(mpks}vxr¦iel|ázYvŁmpzGwltzGfm3~ti?tiek/z¥ksmpt
ksYksR¡}YwlksmnÓÖwemlkY l}*ruzGOﬀwlG}tpkuÔYvx}YfksRtyeyøs}tzGÎzY|jtilkÑA}sÒksGi
×;wlzYtksRt¦Õ¦Ätiekèeksy}YeemAzG?ruzGyofwltpkvyksyzYvmr}Yksm3lks}vx~ti¬Uq~iek
tilk/ruzGyofwet}tzGe}Yeksy}Yeemmxr}Yksm~tih
ú
nÇksyofz¥ÒlC}¨e}Ymptè¨lzGwlvxkv
h©vx}Yfmp|ázYv¦y ÓÖ¨K¨QhPÕ¦ftilkruzGyo5wlt}tzGe}YÄeksy}Yeemjy/}snk¡Yksmr}YkU}Ymj|Ö}s¡YzYvx}5
}Ym/¬PzYG¬ ¶PYON"¸ÔgµûtiemmpksrutzGmwer¦iû}?yktilzÒú~ØqkmpÈYktr¦ilks£¨fwlvtilkvs
tU~Kqk/milz[~ilz[MzGekÑr}Yrxie}YlYkÑtiem1yktilzÒ£Qmztie}tŁtUmUzYoetyøks
|ázYvjr}Yrwf}tl1ofilzYtpzGerAf}YeeG}oÂGwflksÂyzaeksm& ?k}G}Ympt}vt
aksyofz[R
lÐ*}ÌÒØksRLÆm1ks×awe}tzG|WzYv1tiekÂy}GektrÂeks(Ati(tilknwemwf}YØ}YmmxweyoetzGfm
ÓWØkŁruzGemlkvAeksksrutpvxrm
~tilz/mzGwlvxruksmf}YfzGenruzGemekv~mpzGwltzGem
~tiC}
o¯kv¦zafr~tyku,lkoqkselkserueÕ¦
èÜìÓ
ü
ø[ÓÖ\Õ
è®ì¥ôÓÖ\YÕpÕ
ë
Ó
÷
ï
ÕﬁúôÓÖ\Õ Ó ÊaüYGÕ
ÒerukØk~mitpz"mpzG¡Yktiem*ksYks;¡Ì}Ywlkks×awe}tzG$a®wemlruzGOﬀwlG}tpku
Yvx}Yeks;t3yey/øs}tzGzY|ØtilkŁA}sÒksGiÎ×awlzYtks;t£tilkèf}Ymr1}¥tpzmpzG¡Ykètilk
üVN
Êj½¾ZËÌÍÌÍÁ)ºZÎvÏ!Ð/½y»Ñ½Oº`ÁÂÀ

¼ÓÒ`Ô»RÕcÌ=Ö&ÁÑ×Ë¼-Ô
oevzYfksy m}Ym|WzGz[~m^Ł AmpkÑ}Y}vftpvx}vksYksR¡}YwlkuÔtpv¦}YI¡YksrutpzYvs!¿ÓÖmwer¦i}Ym
tilk³zGlkjkuÒoevksmmksè;Łtilk


#
,ruzGyoqzGlksRtmØÓ ÊamaYÕ¦hjilksruzGyof}vk³tilkjk|Wt9mek
}Ye/tiekAvxGiRt
mlkAzY|ØÓ ÊaüYGÕwemltiemØtpvx}YB£Ô¡YksrutpzYv¥f}YeÑvkoqks}tØtiem9oevzÒruksmm
~iek3tpkv¦}t¡Yksnyoevz[¡alètilk3Gwlksmm~zY|Qtiek3ksYksR¡YksrutpzYv¥hjifm
~¯Òksntilk
z¥ksmpt~ksYksR¡}Ywlk}YeCksYksR¡YksrutpzYvP|WzYvjtilkUmpoqksr5rPr¦ilzGrukzY|j¯Ô¡YksrutpzYvs
ÐCzYvxkmpoqksrfr}YYAtiekmy}YksmptnksYksR¡}YwlkYp£.¤3}Ye"tilkruzYvvksmpoqzGeel
ksYksR¡YksrutpzYv¥T¤èzY|j}*myo5kèksYksR¡}Ywlk/oevzYfksyC©~tiy}tpvx  õ m1}YmpzCtilk
yey/øs}tzGÂzY|EtiekU~}¥aksGiC×;wezYtksRt^
£.¤
ë
n¥

s¦
¤
õ  ¤

¦
¤

T¤
Ó ÊaüQGÕ
hjilkvk|WzYvk3zGlk3y}¥ÂruzGyofwltpk3tilk3|Öweee}YyksRt}Y¯ksYks;¡Ì}YwlkuÔof}Yvs.£.¤Oö-T¤la
o¯kvx|ázYvxy/l}YweeruzGemtpvx}Ylksyey/øs}tzG?zY|jtiekÂA}sÒksGi×;wlzYtksRtÓ

m
tilkweet
y}tpvxÑ~ilksÂffel1tilkz¥ksmpt³zYvxekv³ksYksR¡}Ywlk3mpzGwltzG5Õ9;nweml
kY lj}/ruzGOﬀwlG}tpkuÔYvx}YeksRt¤yktilzÒ£
h©zÑfetilk1mwlfmpks×awlks;tjksYks;¡Ì}YwlkuÔof}Yvxms
zGlk3vkoqks}tm³tilkyeyøs}tzG/~ifkPksemwlvxlUtie}t~tilk¤oevksmpks;t³ksYks;¡YksrutpzYvPm
zYvtilzYYzGe}YqÓÖmerukØtilk9zYoqkvx}tpzYvKmKAkvxyt}Y5Õ5tpz¤}YYoevxzYvÄksYks;¡YksrutpzYvxmKtilvzGwlGi
tilkCy}tpvx 

¶PYONejüÍc¸ÔgµtmyoqzYvt}Y;tètpzlzYtrukYtie}tzGlkCek¡YkvÑlkkstpz
r}Yrwe}tpkCtiekCy}tpvx 
õ
tmpks|µfwetzGetiekoevzÒewerut
õ
T¤tie}t/mètiekCk|át
ie}YeCmlk¤zY|
Ó ÊaüYGÕ¦
hjilkŁtykèruzGemweyoetzG*|ázYv¤fefltilkèksYks;¡}YwlkuÔof}Yv¦mAmAtilkvk|WzYvkèoevz
o¯zYvxtzGe}YØtpz*tilkÂtykntŁt}ÈYksmètpz?r}Yrwe}tpkÂtilknk|átèie}Yemek/zY|1Ó ÊaüYGÕ,U}t
ks}YmptUAilks(zGe}|ák ksYks;¡Ì}Ywekof}Yvxm1}vkÑekkslks£hE}ÈÒltilkÑrwlv¦9mr}Yksm
lks}vxPAtiUtiek
mxøkØzY|ftilk
ksYksR¡YksrutpzYvPÓWtilk³;wey1qkvEzY|ff}YmmE|WwferutzGemQwempks5Õ¦
ilz¥k¡Ykvs£fefltilkŁoevzÒewerutjzY|

§
¨ y
}Yftè ìnôÓÖ\YÕ~mr}Yksm¤}Ym~tiekŁawey1¯kvAzY|
f}Ymm Ô|ÖweerutzGemKm×;wf}vks£GmfrukØtiemImK}¤|ázGflPzY|ftilk³tOØz3|ÖweerutzGfmQ¨lzGwlvxkv
mpof}YrukYÎh©zÎmpoqkksweotilkÂk¡Ì}Ywe}tzGtyk/|WzYvŁoevzYfksy/m~ilkvxkÑ}}vYkn;wey
¯kvAzY|Kf}Ymm~|WwefrutzGemj}vkŁwempks£fzGlk1fmptpks}Yt}ÈYksm¤}/¨e}YmtP¨lzGwevxkvAhEvx}Yem|ázYvxy
ÓÖ¨Q¨KhAÕ3zY|
è ì·ôÓÖ\Õ3}Ye?tilks(yŁwetofksmP~ti

§
¨ y
(~ks}Y9mpof}YrukÎÓÖmeruktilk
tykwempksÎ|WzYvUyŁweto5r}tzGmr}Yksmlks}vx~tiÎtilkawey1¯kv3zY|f}Ymm¤|Wwefr6
tzGemP*~ks}YEmof}Yruk[Õ¦PhEzr}Yrwe}tpkŁtilkŁ}Ympt¤rwlvxÄzGek1tilks*t}ÈYksm3}Â¨Q¨Kh$f}YrxÈ
tpz1¨lzGwlv¦kvmpof}YrukYaqk|ázYvxk³tilk~}Ympt9rwevxemIt}ÈYkso¶PYON"¸ÔIhjilk³YksfwemIzY|qtiemImGtie}t
}Y?zYoetyøks}YYzYvxtiey kulmpt¤|WzYv¨Q¨Kh3EmwerxiÎtif}t3tilkk¡Ì}Ywe}tzGÎzY|tilkk|át
ie}Ye(mlkzY|Ó ÊaüYGÕez¥ýmr}YksmU}YmŁ¬PÉÄzYG¬1©~ilkvxk/¬ým3tilkÂ;wey1qkvzY|
f}Ymm
|WwefrutzGemÓWof}Yek3}¥¡Yksm¦Õ³wemksCntilkkuÒof}YemxzG£
ª"|Öweee}Yyks;t}Y5oevzYfksy%~tiÂ}1¨ezGwlvxkvkuao5}YemzG/zY|Ätilk¤eksksrutpvxr~y}tpku
vx}Yqm
tilk¤oqz;zYv
vkofvksmpks;t}tzGzY|©tiekeksksrutpvxr~|ÖweerutzGÄ;~ieksntilk3eksksrutpvxr
y}tpkvx}Yie}YmŁemruzG;tawetksm/ÓÖ}Ymèt1}Y}¥amèlzaksmŁyruvz,mptpvxwerutwevks(eqkvxm6Õ¦
hjiemPy}s*qk1of}vxtrvxrwfyU¡Yks;tpks;*kuaoevxksmmlÑtilkeksksrutpv¦r|ÖweerutzG

§
 
?ks}YrxioqzG;t}YmU}CtpksfmpzYvsQvx}tilkvtie}Y}YmU}*mr}Y}vsÂ¨lvzGy{kuù¯ksrut¡Yku,yksewey
üY
Êj½¾ZËÌÍÌÍÁ)ºZÎvÏ!Ð/½y»Ñ½Oº`ÁÂÀ

¼ÓÒ`Ô»RÕcÌ=Ö&ÁÑ×Ë¼-Ô
tilkzYvY;t9mKÈaez¥~ètie}tzGlkjy}s}¥¡Ykvx}YkAtiekjeksksrutpvxrØètOØz1e ùqkvksRtI
}sÒm
lkoqkseelÂwloqzGtiekŁoqzG}v¦øs}tzG*zY|tilkerlksRt¤Gi;tqvks}t¡Ykètpzntilkweet 
lzYvxy}Y©¡YksrutpzYvsª©_9hµ|ÄíèÓÖ\YÕ¬«0©_
ÓÖ\Õ¦¯zGlkŁ}s¡Ykvx}Yksm

§
 
hO|µ5fmptpks}Y£/íÓÖ\YÕa­®©_ÓÖ\Õ¦
zGlk³t}ÈYksm9tilkjR¡Ykvxmk³zY|5tilkj}¥¡Ykvx}Yk~zY|=ø¥ÓÖ\YÕ¦&µèYksekvx}YltiemKks}Ytpz3tilk³tpksempzYv
ksksyks;tm^
ø1¯ °
ë
ø1±K_s¯_,°Kîqø³²sÓ{´ TBé4´
µ
õ_s¯_,°¦Õ ¶ Tiö
µ
ë
Äöà9ö9 Ó Êaü*aYÕ
Ó ÊaüsËGÕ
¨lzYv¤}eksksrutpvxrPmtpvxwerutwlvk3tif}t~m
oqkvxzÒerPnt,zÑfyksemzGemtifm³ks}Ytpz
tilk|WzGz¥AlèkuaofvksmmzGn|WzYvjtilk1R¡Ykv¦mpk3tpksempzYv^
ø 3

ë¸·¹
¹
¹º
»

¼
§½
î
»

¾
§À¿
)ÁM)Â
Ó

§¿
õ

§½
Õ Í

Á

Â
Ó

§
¿
õ

§½
Õ
»

¾
§½
î
»

¼
§
¿
Í
Í Í

§V½
Ã1Ä
Ä
Ä
Å
Ó ÊaüSGÕ
µê¶PYON"¸3t
}Ymnmilz¥A£³tie}t/tiekfrwemzGzY|3tifm/tpksfmpzYvÑ|WzYvxyŁwe}tzGzY|
tilk1eksksrutpvxrelkuqlYvks}tvksewfruksm~tilk1;wey1qkv~zY|Kof}Yek}¥¡YksmPvks×;wfvkstpz
zYet}YC}vxks×;wevksn}Yrrwlvx}Yru|WzYvjtilkUr}Yrwf}tpksCmpzGwetzGem
OtImK}¤emx}Yl¡Ì}Y;t}Yk
zY|ftiemEyktieza£Ytif}tQzGek
ekksemKtpz3r}Yrwe}tpk
tilk
ksYksÒ
¡Ì}Yweksm£qkGeeeØ~ti¤tilkI|Wwfee}Yyks;t}YksYks;¡Ì}YweksmØÓﬁL |WvzGy"tilk9qzYtptpzGykL Õ¦Khjiem
m¤lzYt3}Âfm}Yl¡}YRt}YkAilks*r}Yrwe}tlÂkY lUGwflksÎyzÒlksm¤*}Âeqkv¤~ilkvxk
tilk¤GwelksÂyzÒlksm
ie}s¡Yk¤tilk3z[Øksmpt
kslkvxYÓÖmwer¦in}Ym³wemwe}Y¯elkuaÔGweflmptpkol
elkuf¯kv¦m¦Õ¦¯iez¥k¡Ykvs©|WzYv3mpz,r}YksÎf}YflG}olÔGwefl/f¯kv¦m~tiemAqksruzGyksm3}
mpk¡Ykvk1fm}Yl¡}YRt}YkY
O|fØk
lkslzYtpktilkzYo¯kv¦}tpzYvÄèqì

§
è·ì³Yª1[tilks1ky}¥Uvksyksl3tiemEoevzYfksy
;weml3tilkjzYoqkvx}tpzYv¤ÓÆ·õÓ
dÇ
6
Õ
ú
Õ
ú
Ihjiem9ruzYvxvksmpoqzGeemKtpz1tilk~lkksYksR¡}Ywlku
oevzYfksy¥^
¶Pègì
ü
ø
ègì:èqì
ü
ø
ègìõ~ÊlÓ
÷s¤
ï
Õ
ú
ègì
ü
ø
èqìGîÓ
÷¤
ï
ÕVÈ¸Ã
ë
ÓpÓ
÷
ï
Õ
ú
õ/Ó
÷s¤
ï
Õ
ú
Õ
ú
 Ó Êa ÊÍRÕ
~ilkvkUtilkksYksl|Wvks×awlkserksm~}vk|Wvks×;wekserumie|WtpksntpzÓpÓ$
6
Õ
ú
õÓ
dÇ
6
Õ
ú
Õ
ú
ØÇ
rxilzazGml ÷¤ntpz¯k*}tÑtilk*yÒÔG}o|ávks×awlkseruzY|3tilk*f}YelG}o©
}Y;Gwelks
yzaeksm~~tietilk1ofilzYtpzGerf}YeeG}o*~Äie}¥¡Yk1tilkèz[Øksmpt¤mie|átpks|ávks×awlkseruY
}Ye~tilkvk|WzYvkÑqkÂtilknyzaeksm1fvxmptŁ|ázGwefa(tiem1zYoqkvx}tpzYvs(Çmif|átl
¯ktOØkksjks}YQmpof}YrukŁ}YeC¨lzGwevxkvAmof}YrukY5tiekUr}Yrwe}tzGCzY|Ktilk1k|át~if}YeCmek
zY|³tiemksYksR¡}YwlkzYoqkvx}tpzYvŁks×awe}tzGmt9mr}Yksm1}YmŁ¬AÉ©zYG¬UE~ilkvkÂ¬ýmtilk
;wey1qkv³zY|Kf}Ymm
|ÖweerutzGfm³wempks£
üQ
Êj½¾ZËÌÍÌÍÁ)ºZÎvÏ!Ð/½y»Ñ½Oº`ÁÂÀ

¼ÓÒ`Ô»RÕcÌ=Ö&ÁÑ×Ë¼-Ô
ØCÙÉ
 D 		hÝÞù4:
1
ä

ßfB9Ý
Ø
¬~zmlGk
}¥¡Ykj¡YksrutpzYvkulmptI|WzYvItilkjmpzGwltzGemQtpz3oqkvxzÒerØeksksrutpvxrØmptpv¦werutwlvksm
~}tilkvèks}YrxiyzaekÑmŁlksmruvx¯ks;}*}vxYkÂawey1¯kvŁzY|j
}s¡Yk¡YksrutpzYvxmèa(tilk
tpvxweer}tpksof}YlkÑ
}s¡YkCyktilzaÄw~z[Øk¡Ykv¥Ø|WzYvèt,z,eyksemxzGe}YoqkvxzÒere
ksksrutpvxrèmptpvxwfrutwlvksm¤tilkè
}s¡Yk¡YksrutpzYvŁruzGyoqzGlksRt3tilk;¡}vx}Y;tPevksrutzGzY|
tilkUeksksrutpvxr¤ruvÒmpt}YÄm³ks£lk5lks£
hjilkofilzYtpzGerCf}YeeG}ofm/zY|Uo¯kv¦zafreksksrutpv¦rmptpv¦werutwlvksmÂ}vkÎ|ázGwfeûa
¡Ì}vÒl~tilk9
}s¡Yk¡YksrutpzYvxm9}YzGljtilkØ¯zGwfee}vAzY|ltilkvvxksewerfkQÇvxzGwePøzGlkY
¨lzYv9GweeksŁmzGwltzGemsiez¥k¡YkvsGkj}Y}¥amIr¦ilzazGmpk³tilkjruks;tpvx}YÒoqzGRtKŁtilk
evxmt
ÇØv¦zGwe/øzGlkU~tintilkUmx}YykUmpÒyyktpvn}Ym³tilk1mwloqkvxruks 
hjilko5}Ylk3
}s¡YkèyktilzÒCwempks|WzYv~tiekØzYvxÈÂofvksmpks;tpkstifm³tilksmmjmj}Y
zYoetyøksÎ¡Ykv¦mzG£©mxr}YlC}YyzGmptlks}v¦C~tiÎtiek;wey1qkv3zY|Øo5}Ylkè}¥¡Yksm
wempksCtpzÂlksmruvx¯k3tiekUoevzY5ksyØh~ilkUyktilzÒy/}sCqk3|WzYvxy1wf}tpksCtpznr}Yrwe}tpk
Rtpkv¦zYvCksYksemt}tpksmCevxmt¤y/}ÈaeûtC}ú¡Ykv"mwet}fk?yktilzÒﬁ|ázYv*ofilzYtpzGer
f}YelG}oCofvzYfksyms
ü*a
¨ ©«ªA¬®­v¯.° Ê
Ë 
	   ﬁÍÌ "Ø  ÏÎ    # 
	
      
µŁtilk|ázYv¦y1we}tzG£tie}tK}YmKmweYYksmptpksu¶ ü*a}¸ÔYtilk
r}YeeeAmptpvxwfrutwlvkzY|fÃilz
tpzGerU§vÒmpt}Y£¨Kqkvxm3ÓÖÃ§³¨Qm6ÕruzGemmptpksnzY|K}}vxYk¤awey1qkv³zY|Q}Yv,ilzGksm
of}Yruks
t,z,eyksemxzGe}YÂoqkvxzÒer}YzG}Ñmr}è5}YrÈaYvzGwee£³hjiekU}Yvp,ilzGksmjtilkvku
|ázYvklk5lks*}Ñoqkv|WksrutPtOØz,fyksemzGe}YE}tptrukYq~ier¦izùqkvksÎtilkèoqzGmm5tO
zY|EÃiezYtpzGer¤Ç
}YeC¢¤}ofmÓÖÃÇj¢¤m6Õ¦ÃÇj¢¤m
~eqk¤RtpvxzaewfruksÑnmpksrutzGCþaPNl9Ot
}YmImweYYksmptpksu¶ ü*a}¸ÔGtie}tKzYoetr}Y;f¯kv¦m©~tiŁ}¤r}Yfel~mtpvxwerutwlvk
kulieftl
ÃÇj¢¤meruzGwenGwelk¤Gi;t
;Ñtilk3ÃÇj¢AÔkuùqksrut5|QGi;tØ
}Ymj}Yz[ØksÂ}ruks;tpvx}Y
ruzYvkuÔvkGzGewlktpzÂ}tpvx}Yem¡YkvxmpkUvxksmpzGe}YerukŁruzGeetzGÄl~iek¤tiem³GwelksGi;t
}YmAlzYt~}Yz[ØksntilkUr}YfelŁvkGzG£lqksr}YwemkzY|EtiekUÃÇj¢AÔkuùqksrut
}vxÂÃ
§
¨Kmjenn|Ö}YrutjGweekGi;t
}ofwlvk3mr}èruzYvkvkGzGÇ¶ Neü¸Ôlk¡Yks
tilzGwlGiútilk*r}Yeeemptpv¦werutwlvkCmiez¥ksûlz?k¡ÒlkserukzY|¤ÃÇj¢¤mhjiemèkstpz
tilk*vxks}Yøs}tzG£³tif}tÑtilksmk*eqkvxmGwelksGi;t/aû}yksr¦ie}Yemxy my}vtpz
tpzYt}Y9;tpkvxe}YEvkeksrutzGg¶ üYÒ'Y ËO¸ÔUÒwer¦iÎyruvz,mptpv¦werutwlvks*eqkvxmPie}s¡Yk}Ympoqksrutm
tie}tŁif}s¡YkÑyoqzYvt}YRt1}Ye}YzYGksmŁ(ruzGyyzGmptpkoe,elku?eqkvxmnhjilkÎ~Kqk
RtpvxzaewfruksmpksrutzGþa þa
ÉeÙ-Ú ã
4hB
6^Ð`;9Ý'
6FÑxDÒv
1
-4Gù
8 á
D
6Ó=-ß6-ÑxjÒv
1
å
-4G<
hjilkruzGerukoet3zY|ØtpzYt}Y9;tpkvxe}YQvkeksrutzG?m¤¡at}YQtpztilkè|ÖweerutzGfl/zY|tpvx}Ye
tzGe}YÄmr}ÌÔf}YmpksnzYoftr}Y£eqkvxmlmwfrxiC}YmAmptpkol,eekuÑeqkvxmÓÔy ¨9Õe¶PY"SO¸Ô9 y}
lk}Cyµ¨qt,aofr}YruzGemmptlÂzY|Ø}nYkvxy/}Yeweyè,ezYo¯ksÓÔ¢Pk[ÕPmr}ÂruzYvkY©mwlv
vzGweelksa}Îmr}r}Yefll?hjilkÂtpvx}YetzGe}Yo5wlvoqzGmpk/zY|PlzYofetilkruzYvk
~ti¢PkY
mètpz?vx}YmkÂtiekkuù¯ksrut¡Yk*vk|Wvx}Yrut¡YkCeekuzY|~tiekCmr}Òti;wemkuù¯ksr6
üsË
ÓJÕcÔ-ÁÀGÏ9¼V½4Ô&Ë¼}»ÂÁÃËÔ:½(Õ&Ï!Ð/½y»Ñ½Oº`ÁÂÀ

¼ÓÒ`Ô»RÕcÌ=Ö&ÁÑ×Ë¼-Ô
t¡YksÑruvxks}tl}ruzYvkuÔvkGzG~ti}Łvk|Wvx}Yrut¡Ykflku¯Òtie}tjm³ieGilkv
tie}Yntilk
vk|áv¦}Yrut¡YkUeekuÑzY|Ktilkr}Yefll
¨lzYv}ÂG¡YksfetpkŁruzYvku,møk}Ye
}s¡YkskseYti££zGlkèzYv3yzYvkèyzaeksmAzY|ØGi;t
y}s1¯k}fkØtpzAoevxzYof}G}tpk³}YzGlPtilkruzYvxkuÔvkGzGŁzY|etilkeqkvsÌ~tilzGwlt©ksmr}ofl
zGwltjtilvzGweGitilkr}YeflèzY|EtiekeqkvsÒqksr}Ywempk3zY|KtpzYt}Y©;tpkvxe}YqvxkeksrutzG£
ÒerukItiekruzYvkØm£fetpku,mxøks£¥zGfP}jfetpk9awey1¯kv£zY|lyzÒlksm©~Ìqk9}Yz[Øks
tpzoevzYo5}G}tpktilvzGwlGi}Cmptpkol,flku*eqkvs¨ezYv1}qkseÒ,ksmm¤eqkvs£tilkksekvY
r}vvxks1;Uks}YrxizY|etieksmpkyzalksmQ~G1oevxfrofkKoevzYo5}G}tpk
zGmmksmmxÓÖGlzYvxe
kY lemmxof}tzG5Õ}YzGlútilkevksrutzGzY|Łtilk(ruzYvkuÔvkGzG£}Ymtilkﬁ}vklzYt
}Yz¥kstpzksmr}oqktpztilk*r}Yeel?vxkGzG£
qksr}YwempkzY|¤tilk*vk|Wvx}Yrut¡Yk*elku
mptpkoûqkt,kksútilkruzYvk}YftiekCr}YeeelÇµú}?mxyofeks?vx}¥}Ye}YzYYYØtilk
Gweeeyksrxie}YfmymjkuÒof}YlksC;ntilk1ofilzYtpzGem~¯kslvkeksrutpks*f}YrxÈtpzÑtilk
ruzYvkYq;Ctiek1ruzYvku,r}YfelÂRtpkvx|W}YrukYqtiawem~tiekŁe}Yyk1tpzYt}YK;tpkvxe}Y©vkeksrutzG
ÓÖh µ¤Õ¦
hjilzGwlGiÎmwfrxiÎ}Ñmxyofeksvx}¥*}Ye}YzYY*y}sks}YtpznruzGfrwemzGfm~tie}t3}vk
lzYt1ruzGyo5ktpksÎtpvxwlk*ÓW|WzYv1empt}Yeruktiek/kvvzGekzGwemUruzGerwemzG?tif}t1lzCksekvY
oevzYof}G}tpksm¤zGwltmxlkUtiekŁruzYvku,r}YeelÂ;tpkv|W}Yruk[Õ¦ÄtAlzaksm~ofvz¥¡ÒlkŁ}/YzazaÎwel
lkvxmpt}YeflPzY|5tilk
f}YmxrGweeeAyksr¦ie}Yemy R¡YzG¡Yks1tiekGwfe}Yeruk
zY|qGi;t
tpvx}YftzGe}YfzYoetr}Y5eqkvxmKÃQ}vxtrwe}vxY;tlksmruvxqksmØilz¥ﬁGi;tØy}¥qk~ruzGÒ
flksaÂ}/myofkPrv¦rwe}vjruzYvku,r}Yfel;tpkv|Ö}YrukY
µyruvxz,mptpvxwerutwlvxksûeqkvxm³mwfrxi}ks~lk5lksruzYvku,r}YeelRtpkvx|W}Yruk
lz;ksmPlzYt¤wemwe}YÑkulmpt¶PYÒüV¸Ô~hØ;o5r}YntilkŁr}Yeee/ruzGemmtmjzY|}Ñ}vYkè;wey
¯kvQzY|f}Yv,ilzGksm©fmptpvx5wltpks3~tif}Pmr}jf}YrÈaYvzGweeŁy}tpkvx}Y Ileruk}YvKie}Ym
}ruzGemlkv¦}fCz[Økv3vk|Wvx}Yrut¡YkelkuCtie}Y?mr}*Ó üÆÍruzGyof}vksÎtpz?üPN"N"N}t
üY"YÍey }¥¡YkskslYti5Õ¦ftilk}Yvp,ilzGksmz¥kv³tilk¤kuù¯ksrut¡Yk1elkuzY|Qtilk3r}Yeel
vkGzG£ﬃO|zGlkof}Yruksm3tilk/}Yv,ilzGksm3oqkvxzÒer}YCÎtilk/r}YeelnvkGzG£E}Ye
tilksvksyz¥¡YksmØzGlk³zY|qtilk~ruks;tpvx}Yf}Yv,ilzGksm~ÓWtiawem9ruvks}tlU}ruks;tpvx}YfruzYvxkuÔvkGzG
~tivks}t¡Yks*ksmm¤}Yv3ruzGyo5}vks?tpzntilkr}Yefl/vxkGzG5Õ¦©t¤mPoqkvxie}ofm¤lzYt
mwlvoev¦mlUtie}t³Gi;t
r}Ynqk¤GweeksÑ}YzGeŁtifm
mr}ŁruzYvk3vkGzGÑaÑ}yksrxie}Ì
emy-my}v
tpztpzYt}YERtpkv¦e}YqvkeksrutzG ¶PY ËO¸Ô
~z[Øk¡Ykv¥;emtpvxfwltljmwer¦iŁ}Yvp,ilzGksmE~tie}¤ieGiÒ,flku3f}YrÈaYvzGweeèy}Ì
tpkvx}Yjm/lzYt/myof}lz¥¡Yks~}¥úzY|¤z¥kvxl?tilkkuù¯ksrut¡Ykvk|Wvx}Yrut¡Ykelku
zY|3tilk*r}YfelÎvkGzGÄµ|¤tilkmøkzY|¤tilk*}tpzGy/m/zYvÂtilkempt}YerukCqkt,kks
tilk}tpzGy/mÂmÑruzGyo5}vx}fk*tpztilk
}s¡YkskslYtizY|UGiRtÑtpzqk*Gwelks;útilk
eqkvsflz[¡Yks©ofiekslzGykse}/vks}tpksCtpznruzGemptpv¦werut¡Yk1}Yflksmptpv¦werut¡Yk1Rtpkv|Wkvkseruk
y}s}oeoqks}vsÄ nof}vtrwf}vsl|©zGek3of}Yruksm³tilk}Yvp,ilzGk}tpzGymjo¯kv¦zafr}YzGlk
y}sÂfeÑoevzYof}G}tzGruzGempt}Y;tjRtpkvx¡Ì}Ymtie}t³}vk3lzYt³}Yz¥ksntpzkuÒmtÂtilk
r}YeeeAvkGzG}t9}¤of}vtrwe}vE
}s¡YkskseYtiÒE}Ykuùqksrutmy/}v©tpzUtilk
ksksrutpvzGer
f}YelG}ofm9|ázGwefmpksy,ruzGeewerutpzYvxms_µtmruzGyyzGtpzUvk|ákvØtpzUmwer¦i|WzYvfflks
|ávks×awlkseruÂvkGzGfmj}Ym~ÃØilzYtpzGer3Ç
}Ye*¢3}ofmUÓÖÃÇj¢Õ¶PY"YÒ©ü*a ÄüÍ"¸Ô
üS
ÓJÕcÔ-ÁÀGÏ9¼V½4Ô&Ë¼}»ÂÁÃËÔ:½(Õ&Ï!Ð/½y»Ñ½Oº`ÁÂÀ

¼ÓÒ`Ô»RÕcÌ=Ö&ÁÑ×Ë¼-Ô
ÃÇj¢¤mŁ}oeoqks}vUqksr}Ywempk/zY|
yŁwetofkèvkeksrutzGfmU}tUtiek¥LÆ}tpzGykL Ôf}YrxÈ;YvzGwfe
Rtpkvx|W}YruksmÐruvxz,mptpvxwerutwlvxkseqkvxmØy}skuÒofzGtkstilkvtilkPz¥kvxl1zY|ÄtilkPk|
|áksrut¡YkPelkuŁzY|qtilk~r}Yefl¤vkGzGn¶ üYc¸ÔRzYvtiek~mptpvzGlmxr}tptpkvxl1ofilkslzGyksf}
ÓÖmwerxi}YmèÃÇj¢¤m6Õ|¶ ÊÍlIÊÒüYpNba}¸zYvŁqzYti¶PQÍ"¸Ô*tilkv1
}sYtilkÑyŁweto5kvkeksr6
tzGemjAtieÂtilkUr}YeelèvkGzG£ezYoqkswlotilkoqzGmm5tOzY|Kr}Yeelyzalksm
¯ksif}s¡Òl×awetpk3e ùqkvks;t³|ávzGy tilkUr}Yeflèyzaeksm³|ázGwfey ¨Km
ÉeÙÓØ
° Ý=4;ß,9ÝB-9<4G ° 9Ý'(48v
1×Ö (!6- 1 BÝ' 1 á B9Ý'-
6(<
hjilk9oqkvxzÒerKeksksrutpvxrIy}tpkv¦}YmÄtif}tE}vkwempks}YmEtilkØr}Yeel³y}tpkv¦}YGzY|ltilk
yruvz,mptpv¦werutwlvks*eqkvxmP}Ye}Yaøkstiem~tilksmxm£mie}vkè}Â;wey1qkvAzY|ruzGyyzG
rxie}vx}Yrutpkv¦mptrmKhjilksmk9~[qkIkuaksyofeks3¤tiem£mpksrutzGÄ[aP}Yf}Y;øsljrzGmpksÒ
of}YrÈYksèoqkvxzÒereksksrutpvxrmptpvxwfrutwlvksmQhjilk
mptpvxwerutwlvxksmEruzGemxmptQzY|f}~5}YrÈaYvzGwee
y}tpkvx}YR~ti3}³vk|Wvx}Yrut¡YkelkuPzY|£üPN+YUÓÖrzGmpkØtpzjtilk9vxk|ávx}Yrut¡YkØeekuAzY|lmr}RÕ¦
}YeCrvxrwf}vj}Yvp,ilzGksm
of}YrukszGC}tpvx}YlGwe}vj}tptrukÑÓÖmpkkf~TWd5ZE\[]
â)
Õ¦
¨Kvxmpt£tpzjqk9}fkItpz~y}ÈYkmpzGykruzGyof}vxmpzG¤~ti¤tilkØilzGyzYYkslkzGwemEr}Yeel
y}tpkvx}YzY|Ayµ¨KmEØkÂlkks(tpzlkflkÑ}Y}Ye}YzYGwek/tpztiek/vk|Wvx}Yrut¡YkÂelkuÎzY|
tilk?r}Yeeey}tpkvx}Y¶ ü*aÒNbaO¸ÔxOtmilzGwfûqkÎmptpvksmmpks"}tntiem/oqzG;tjtie}t
tilkyzaeksm1}Yz¥ksAtie}oqkvxzÒer/y}tpkvx}Y
r}YelzYtŁqkÂeksmruvxqks(a(tilk
wem}Yk/zY|³}Cmxyofkè
}s¡Yk¡YksrutpzYvsk emptpks}YÄ©zGlk
}s?zY|³;tpkvoevxktltilk/yzalksm
zY|¤}(o¯kv¦zafrÑfksksrutpvxrnmptpv¦werutwlvkCmzù¯kvks;tilkCo5}Ylk
}s¡Yk*eksmruvxoetzG
¶PY"QO¸ÔAkvk1ks}Yrxir}Yeeeèyzalk1r}YCqkmpkks}YmP}mweo¯kvxo¯zGmxtzGÑzY|K}Y*lfftpk
;wey1qkv¤zY|9of}YlkŁ
}s¡YksmEks}YrxiÎ~tiÎ}ne ùqkvks;tA
}s¡Yk¡YksrutpzYv¥skî

£~ilkvk

m}?vksroevzÒr}Y³}tptrukC¡YksrutpzYvsªAmÑ}Yúkul}YyofkYtilky}Gektreksúy/}sqk
kuaof}YflksC}Ym^
ôÓ&ö\YÕ
ë
 
"$#%#

ú
 
#&



#
Ó&ö

Õµ]
#
Óﬃî

Õ
ûüØ]ý¢)kÂß  
Ó Ê:ÙmaYÕ
 tilzGwltnzGmmÂzY|Ykslkvx}Yt,ûzGeky}¥tpkvxytilkÎ;¡Ì}v¦}YRtÂevksrutzGzY|U}
t,z,eyksemxzGe}YQoqkvxzÒereksksrutpvxr1mptpvxwerutwlvxkŁtiekﬁY,evksrutzGÄhjilksØkr}Y
vk|ázYv¦y1we}tpktilk3kuÒoevksmmzGnzY|Qtieky}Glktr3fks}Ym^
ôÓ&ö\YÕ
ëAû
ü

}
 
"$#%#

ú
 
#&



#
Ó&ö

Õµ]
#
Ó,î

Õ
û
ü'þý
x
)*ß  
x
~kvxk
¡
lkslzYtpksmtilk¤y}Getwelk~zY|©tilkª,ruzGyo¯zGeksRt
zY|*K;~ifk:òlkslzYtpksm
oevzOﬀpksrutzG;tpztilk·=£Ôof}YekY µtCmnmpkks"tie}ttiek¡}vx}tzG"}YzGlútilk
evksrutzGÎm¤lz[ lkflksÎmpzGksC;tilky}Getweek1zY|Øtilkw,ruzGyoqzGlks;t3zY|OK
¡
p¶PY"YO¸Ô
ÊÍ
ÓJÕcÔ-ÁÀGÏ9¼V½4Ô&Ë¼}»ÂÁÃËÔ:½(Õ&Ï!Ð/½y»Ñ½Oº`ÁÂÀ

¼ÓÒ`Ô»RÕcÌ=Ö&ÁÑ×Ë¼-Ô
µﬁ}yruvz,mtpvxwerutwlvkszYoetr}YPeqkvÂGi;tÂmÑtpzqkGweeks}YzGetilke
evksrutzGÄ©hjilkIGwelks3Gi;tq~ tiekvk|ázYvxkYÌlzYtEruzGwlofkItpzjtiekIo¯kv¦zafrEr}Yeel
y}tpkvx}Y ;|ftilk~oevzYof}G}tzG/ruzGempt}Y;t9zY|5tiekjGwelksèyzÒlkjmI}vYkv9tie}Y
¡.Ú
"
Á
zY|tilko¯kv¦zafrr}Yeely}tpkvx}YA}tntilk*of}vtrwe}v/
}s¡YkskslYtiÄPmeruktilk
yruvz,mptpv¦werutwlvkseqkvÂmÂR¡}vx}Y;tÑtilke,evxksrutzG£ ¨lzYvCwem}Yk?zYoet 
r}Y5f¯kv¦mAÓWtiemmlzYt
}UYkslkv¦}Y¯ekfetzG/zY|ÄtilkPkuù¯ksrut¡Yk¤elkuzY|Ä}ŁofilzYtpzGer
ruvamt}YáÕ¦;t9mIruzYvvksmpoqzGeelG3oqzGmm5kØtpz1r}Yrwe}tpk³tilk~kuù¯ksrut¡YkPelkuqYzYv9tilk
r}Yeee~elkuqÌzY|ltilkØ|Öweef}YyksRt}Y;r}Yeel~yzÒlkØ}Ym 
z
ÌAilkvktiekØ
}s¡Yksaweyè
¯kv~
ëú

Łý}Yeh£(mPtilkè|Wvkkmpof}Yrukè
}s¡YkskseYti£hjilkvk|WzYvkY£tiemPvkoqzYvt¤~
lzYtØy}ÈYkP}YRlzGy/e}YlemterutzGèqkt,kksÑtilkjoevzYo5}G}tzG/ruzGemt}YRt
¡
RzY|Ä}
GwelksyzÒlkYezYv~tilk,ruzGyoqzGlks;t
¡
fzY|Qtiek3}¥¡Yk¡YksrutpzYvxm¤zY|Ir}Yeeeèyzalksm
}yruvxz,mptpvxwerutwlvxkseksksrutpvxrPy/}tpkvx}Y 
hjilk3r}Yrwe}tpksCr}YeelŁeeruksmØ|ázYvA};wey1qkv
zY|ErzGmpkslÔof}YrÈYks*eksksrutpvxr
mptpvxwerutwlvxksmG}vkjmilz[~è~TWd5ZE\[]
=âÂ
}Ye~TWd¯Z©\Ì]
=â)
9leruk³y}tpkvx}YÒempoqkvp
mzG/mØlzYterwflkstiekAr}Yrwe}tzG/zY|£tieksmpkPr}YeeleeruksmRtilk~kuùqksrut¡Yk
elkuzY|tiek|Wwefe}Yyks;t}YIr}YeeenyzalkYÛ
z
©mmilz[~?}YmU}|ÖweerutzG*zY|
tilk
lzYvxy}Yøks
}s¡YkskseYti
Ł

IzYvètilknlzYvxy/}Yøks(|Wvks×awlkseru

ŁKI~iekvk^l mUtilk
tilkPfmpt}YerukA¯ktOØkksÂtilk¤ruks;tpkv³zY|ÄlksGi;¯zYv¦lUr}YfelUiezGksmRzYv
tilk¤}tptruk
ruzGempt}Y;t
~TWd5ZE\[]
'â
}Yen~TWd5ZE\[]
=â)
milz[®tie}t~tilk1r}Yfeleekuny}¥qkz¥³
kvksaúeruvks}Ymxl?tilk*|ávx}YrutzGûzY|}Yv/ûtilkCoqkvxzaerÂfksksrutpvxrmtpvxwerutwlvkY
~ier¦iUm©kuaof}Ylks3ayzYvkØkslkvY3zY|ltilkØ|Wwefe}Yyks;t}YRr}Yefl³qksl~zar}tpks
ètilkj}Yvp,iezGksmK¨lzYv}¤G¡Yks}YvpÔflj|Wvx}YrutzGÓWzYvezYvxy}YøksèilzGku,e}Yyktpkvs
Ü

l~ilkvk3Å¿m
tilk}Yv¦ilzGk3e}Yyktpkv¥atiekr}YeeeŁflkuÑm³mpkksCtpz¯ksif}s¡YkU}Ym
|ázGz¥~m^Äµ|Qtilk3}¥¡YkskslYti£)£Cm³mGe5r}YRtÑmilzYvtpkvjtif}YtilkmptpvxwfrutwlvkmøkY
l~ltilk3r}YfelŁelku/m
rzGmkPtpzètilk¤vk|Wvx}Yrut¡YkelkuzY|©tiekP5}YrÈaYvzGweey}Ì
tpkvx}Y
ÓWtilk1vxk|ávx}Yrut¡YkèelkuzY|ItilkŁf}YrÈaYvzGweeÎmr}m1üPN+YÂtiekUkul}Yyofksm
 ATád¯Z©\Ì]
'â
Õ¦?ªAm
Ł

mŁeruvxks}YmpksÓWa(kY l?eruvxks}Yml*tilkÑ
}s¡YkskslYtiÝ£5Õ
tilkjkuùqksrut¡Yk~r}Yefl3elkuŁmIz¥kvksÑweRtat9wety}tpksvks}Yrxieksm}yeyŁwey
¡Ì}YwekYaAilkvk¤tilk¤kuù¯ksrut¡YkelkuÑmØvxks}t¡Yks/elkoqkselks;t9zY|©tiekP
}s¡YkskslYti£
ª
ttieksmpk3zGl1ezYvxy}Yøks/}¥¡YkskslYtivxkGzGematilk¤yruvz,mptpv¦werutwlvksÂy}tpkvx}Y
mo¯kv¦ruks¡Yksn}Ym³}ŁiezGyzYYkslkzGwem³y}tpkv¦}Y¯;tiekP|Öweef}YyksRt}Y¯r}Yefl1yzalkY
ªAe}Y;tr}YkuÒoevksmmxzGem1|ázYvtilkÂkuùqksrut¡YkeekumŁG¡Yks|ázYv¡}vxzGwem1t,aoqksmèzY|
eksksrutpvxrmE¶PQÒü¸Ôn¨ezYvŁ}tpvx}YlGwe}vU}vvx}YlYksyksRtŁzY|³}Yv1ilzGksmÑÓW~ti(tilkÑe
ksksrutpvxr³ruzGemt}YRtø
"
ü¨Þ
ÕE~tie1}3mr}Af}YrÈaYvzGwee~tièeksksrutpv¦r
ruzGempt}Y;tø1ß
ü

mwerxi(tie}ttilk/}YvpÔfl/|Wvx}YrutzG?zY|tilk}Yv1ilzGksmm¤|µÄtilk/kuù¯ksrut¡YkÂr}Yeel
elkunm³G¡YksC}Ym^
ÊÒü
ÓJÕcÔ-ÁÀGÏ9¼V½4Ô&Ë¼}»ÂÁÃËÔ:½(Õ&Ï!Ð/½y»Ñ½Oº`ÁÂÀ

¼ÓÒ`Ô»RÕcÌ=Ö&ÁÑ×Ë¼-Ô
1.15
1.2
1.25
1.3
1.35
1.4
1.45
0 1 2 3 4 5
m
o
de
 in
de
x,
 β/
k 
normalised frequency, Λ/λ
~TWd5ZE\[]
=âÂ
gÄh~ilk"kuù¯ksrut¡YkÁr}Yefl elku |ázYv} rzGmpksÒÔo5}YrÈYks eksksrutpvxr
mtpvxwerutwlvkY;~ti}Yvp,ilzGksmIo5}YrukszGÑ}3tpvx}YlGwf}v}tptruk~~tie}
mxr}~f}YrÈaYvzGweey/}tpkvx}Y Khjilk
r}YeelAflku1mKlkofrutpksŁ}YmI}
|ÖweerutzGzY|etilklzYvxy}Yøks|Wvks×awlkseruY~tiUtilkØr}Yfel~}YvEilzGk
mxøk/}YmŁ}of}vx}Yyktpkv¥
Ü
à
"
ÚkáÀâ
"
ë
Í0Ù ÊÓWvksrwlv¡Yk[Õ¦
Ü
à
"
ÚaáÀâ
"
ë
Í0ÙPN
ÓWYvxkksÂrwev¡Yk[Õ¦
Ü
à
"
ÚkáÀâ
"
ë
Í0ÙWQÂÓWfwlk~rwev¡Yk[Õ¦
Ü
à
"
ÚaáÀâ
"
ë
Í0Ù ËÂÓWofwlvo5k
rwev¡Yk[Õ
}vkUekofrutpks£
ﬃãäåäë æç
ç
è
ø
ß
ü
¶ ü
õXé
§êØë
3
§'ìë2í
§êØë

§'ìë2í
¸
¶ üî é
§êØë
3
§'ìë2í
§êØë

§'ìë2í
¸
Ó þaü¥Õ
 Amxlntilkkuùqksrut¡Yk/eeku

z
Ä}y/ruvz,mptpvxwfrutwlvksÎeksksrutpv¦rèy}tpkvx}YKy}¥
vkeksrutUGiRt3erlksRt¤|WvzGy }Y(}YOﬀ}Yruks;tUy}tpkvx}Y9~ti?}YÎkuùqksrut¡YkÑflkuÓWzYv
}vk|Wvx}Yrut¡YkúflkueÕntie}tm*}vxYkv*tie}Y$tilkkuù¯ksrut¡Ykûelku"zY|tilkyruvz
mptpvxwerutwlvxks1y}tpkv¦}Y ¯}Ymxmweyejtie}tKtilkØGiRtQmQerlks;t©}tK}Amxwlß/rks;tmy}Y
}YlGkYjOtŁmKtilkvk|WzYvkYIoqzGmm5ktpz?wempkÑy/ruvz,mptpvxwfrutwlvks(oqkvxzaereksksrutpvxr
y}tpkvx}Ym~tpzÑGwflkUGiRt~kY l~}/mzGCmr}ruzYvkŁvkGzG£³hjifmjmAlzYt~zGen}
lz¥¡YksÄRtpkvksmtlè}Ytpkvxe}t¡Yk¤tpzmpt}Yfe}vxÂzYoetr}Yqeqkvxms;t
|ÖwlvtilkvxyzYvkAzùqkvxm
tilkUoqzGmmftO/zY|9wltøslètilkŁlz¥¡YksE
}s¡YkskslYtil,lkoqkselkseruk1zY|ItilkUkuùqksrut¡Yk
r}YeeeŁflku¯Ò}Ym³ksq}Ym
kuao5zGtlŁtilk3¡YkvÂz¥r}YeelèeekuÑk¡Yksmtie}t
¯ksruzGyksmUoqzGmmfkŁ;Îksyofz¥Òleqkvxm¤~ti(}vYk/}YvpÔflÑ|Wvx}YrutzGfm?tilk
r}Yeee(vkGzG ÓW|WzYvÑkY lxPGiÒVï!eqkvxm³~ilkvxkï´¶PY"SlQYÊc¸¤mÑtilkvks}t¡Yk
vk|áv¦}Yrut¡YkUeekuÂe ùqkvkseruk3qktOØkkstilkUruzYvkU}Yftilkr}Yefl;Õ¦
ÊYÊ
ÓJÕcÔ-ÁÀGÏ9¼V½4Ô&Ë¼}»ÂÁÃËÔ:½(Õ&Ï!Ð/½y»Ñ½Oº`ÁÂÀ

¼ÓÒ`Ô»RÕcÌ=Ö&ÁÑ×Ë¼-Ô
1.15
1.2
1.25
1.3
1.35
1.4
1.45
0 1 2 3 4 5
m
o
de
 in
de
x,
 β/
k 
normalised wavelength, λ/Λ
~TWd5ZE\[]
=â)
gÄh~ilk"kuù¯ksrut¡YkÁr}Yefl elku |ázYv} rzGmpksÒÔo5}YrÈYks eksksrutpvxr
mtpvxwerutwlvkY;~ti}Yvp,ilzGksmIo5}YrukszGÑ}3tpvx}YlGwf}v}tptruk~~tie}
mxr}5}YrÈaYvzGweey}tpkvx}YÔAhjilkŁr}Yeel/eekum~lkofrutpks*}Ym
}Ł|ÖweerutzG/zY|©tilk¤lzYvxy/}Yøks
}s¡YkskslYti£e~titilk¤r}Yeel1}Yv
iezGkUmøk1}YmA}/of}vx}Yyktpkvs
Ü
à
"
ÚkáÀâ
"
ë
Í0Ù ÊÓWvks*rwlv¡Yk[Õ¦
Ü
à
"
ÚaáÀâ
"
ë
Í0ÙPN"ÓWYvkksﬁrwlv¡Yk[Õ¦
Ü
à
"
ÚaáÀâ
"
ë
Í0ÙWQﬁÓWfwlkCrwlvx¡Yk[Õ¦
Ü
à
"
ÚaáÀâ
"
ë
Í0Ù Ë
ÓWo5wlvofk3rwlvx¡Yk[Õ
}vklkofrutpks£
Òeruktiek*lksy}Yfútie}ttilkkuù¯ksrut¡YkÎruzYvkelkumilzGweqk}vYkvtie}Y
tilkkuùqksrut¡Yk*r}Yeel(elkuqtpzksfmwlvkCGwfe}YerukzY|3Gi;tkC~³m}stie}t
mwerxinyruvz,mptpvxwerutwevks/f¯kv¦m9GweekAGi;ta/yzÒefkstpzYt}Y£;tpkvxe}YfvkeksrutzG
mwlYYksmpteÑtilkèmptpvzGe/vksmpksy1f}Yfruk1tpznmpt}Yee}v¦*mptpko?flkueqkvxmjtie}tPGweek
Gi;t³;ÂtpzYt}Y©;tpkvxe}YqvxkeksrutzG£
ÉeÙÉ
°
ä
4
B4;
1ð
ÝÞf<`
6ÛñÇ
F
!Ý=<¥57à
ä
7e!ßå7Ð`8=ò
0

6ﬁå
4::Þ
 ?k*~
lz¥ ruzGemlkvÑyruvz,mptpv¦werutwlvksúf¯kv¦m~ilkvktiek*r}Yefl?}Yvp,ilzGk
LÆ}tpzGymL
}vkfmptpvx5wltpkso¯kv¦zafr}Y~tietiek*r}Yefl?vkGzGÄ ?k~ 
ilz¥k¡YkvsGvksmtpvxrutQzGwlvxmpks¡YksmEtpz¤R¡YksmtG}tlPGwelks1yzÒlksm©tif}tK}vxklzYtEGwelks
;*tilkŁÃØÇj¢AÔkuù¯ksrutf ?k~©m}s*tie}t3mwerxieqkvxmPie}¥¡Yk}Ñmptpkoe,elku*}Yf}YzYY
}YeÎoqzGRtPzGwlt3mpzGykyo¯zYvxt}YRt3rxif}vx}Yrutpkvxmptrm¤zY|tilkGwelks*yzalkRÓÖm6Õ¦1hjiem
~qoevxz¥¡Òlk3¡}Ywe}fkl|ázYv¦y}tzG}qzGwlt~mpzGykzY|KtilkUlz[¡Yks©oqzGmmftksm9tie}t
ÊYþ
ÓJÕcÔ-ÁÀGÏ9¼V½4Ô&Ë¼}»ÂÁÃËÔ:½(Õ&Ï!Ð/½y»Ñ½Oº`ÁÂÀ

¼ÓÒ`Ô»RÕcÌ=Ö&ÁÑ×Ë¼-Ô
}vkoqzGmm5kAAtintilksmpkf¯kv¦m
Òerukètilkr}Yeeln}Yvp,iezGkuLÆ}tpzGymL©}vkfmptpvx5wltpksoqkvxzaer}YY¯Øk~
vk|ákvEtpzjtilksmpkØeqkvxm£}Ym©ÃØilzYtpzGer§
vamt}YG¨Kqkvxm9ÓÖÃ§
¨9Õ¦O~z[Øk¡YkvsYtiekr}Yeel
mptpvxwerutwlvxk/lzaksmUlzYtUekks(tpzqkmptpv¦ruto¯kv¦zafrŁtpzksemwevkGwee}YfrukzY|³Gi;t
¶PQYþÒcQON$¸ÔQ¨lzYvI}AlzGÒÔoqkvxzÒerKr}YefljmptpvxwfrutwlvkYtilkØr}YeeljmtpvxwerutwlvkmilzGwe
lzYtP}Yz¥$yzaeksm~~ti}/yzalku,elkutie}t¤mjks×awe}YEtpzÑtilkŁyzÒlku,elkuzY|Itilk
GwelksyzÒlksm³tpz/kuÒmtj}YRa~ilkvk1ntilkr}YeflmptpvxwerutwevkY
ó=<'ó=<?> BADR)L\RTUaG?_]^IdôjJML\Z)QOEHGbõC,IKJnö÷GÀLdAøJ(Z)Q?QªZ)GbI¢ù³ADRTQ?C.J
§zGemekv}(Ã§
¨¿Atiúr}Yeel?}Yvp,ilzGksmof}YruksúzGû}(tpvx}YlGwe}v}tptrukÓÖ}
rzGmpksÎof}YrxÈYksmptpvxwfrutwlvk[Õ¦Ämwer¦i?}Ym3tilkÃ§³¨miez¥~?mr¦ilksy}tr}Y*o~TWd¯Z©\Ì]
=âÍ
q ?k~
}Ymmwfyk}(e}Yyktpkv/zY|AtilkC}Yvp,ilzGksmzY|3ÊÍKú#zY|PtilkCruks;tpkv/tpz
ruksRtpkvPmpof}YrlŁqkt,kksClksGi;qzYvxlŁr}YeelŁ}Yvp,ilzGksm3ÓÖ  kYû
ë
Í0Ù Ê¢l³Õ¦Øhjiek
ruzYvkuÔvkGzG*m³|WzYvxyksaÑtiekzGymmxzGÂzY|K}/mlGk3ruks;tpvx}YÄ}Yv,ilzGkY
Λ
Core-region
~TWd5ZE\[]
=âÍ
gÄh~ilktpvx}Yfmp¡YkvxmpkmptpvxwerutwlvxkzY|e}PrzGmpksÒÔof}YrxÈYksèÃ§
¨[h~ilkØ;tpkvxilzGk
fmpt}YerukUÓWtilkAruksRtpkvtpzUruks;tpkvØemt}Yerukjqkt,kks/lksGiRqzYvxeP}Yv
iezGksm¦ÕmjekflksnaÑtilk1¨QGwlvk}YmlA
 ?k/~Q|WwlvxtilkvU}Ymmwfyktie}ttilk/eqkvmy}YlkzY|
ofwevkmr}ÑG}Ymm3~ti
}vk|Wvx}Yrut¡Ykflku?zY|üPN+YÎ}tŁ}Y}¥¡YkskslYtiemèzY|AGi;tK}Yf}Yv,ilzGksmAti}
vk|áv¦}Yrut¡YkAflkuŁzY|9üÆÍnÓWtilksmpkPmyo5fr}tzGfmQ}vxkAy}Ylk~|ázYvvks}YmpzGemzY|Är}vxtOlÕ¦
h©zmweoeoqzYvt~tilkr}Yy tif}tPtifm~f¯kv¤Îy}Y;C
}sÒm3vksmpksy1fksm¤yzYvkŁtpvx}Ì
etzGe}Y©mptpkol,eekuÂeqkvxmsetilkUr}Yrwf}tpkskuùqksrut¡YkèelkunzY|KtilkU|Öweef}YyksRt}Y
r}Yeeeèyzalk1m³milz[~C¥ATád¯Z©\Ì]
=â 
 ?kU~5vxk|ákvAtpztilkkuùqksrut¡Yk1elku
ÊON
ÓJÕcÔ-ÁÀGÏ9¼V½4Ô&Ë¼}»ÂÁÃËÔ:½(Õ&Ï!Ð/½y»Ñ½Oº`ÁÂÀ

¼ÓÒ`Ô»RÕcÌ=Ö&ÁÑ×Ë¼-Ô
zY|tiek|Wwfee}Yyks;t}YIr}Yeelyzaek}Ymtilkkuùqksrut¡YkÂr}Yeeenelkuq©merukt
ruzYvvksmpoqzGeem
tpz/tilkvk|Wvx}Yrut¡YkUelkuÑzY|QtilkUr}Yeel}/mptpkol,eekuÑeqkvs
1.43
1.432
1.434
1.436
1.438
1.44
1.442
1.444
1.446
1.448
1.45
0 2 4 6 8 10
m
o
de
 in
de
x,
 β/
k 
normalised frequency, Λ/λ
~TWd5ZE\[]
=â 
gÄh~ilkyzÒlk9eekuPzY|Òtilk9Gwflks3yzÒlkAÓWYvkksŁrwlv¡Yk[Õ£}Ye3tilkØkuù¯ksr6
t¡YkPr}YfelUelkuÓWvksÂrwlv¡Yk[Õ}Ym}1|ÖweerutzG/zY|Ätilk¤lzYvxy}Yøks
|Wvks×awlkseruY1Ï¤fzGlkèyzaekŁmPGwelksCatilkŁeqkvsqvvksmo¯ksrut¡Yk
zY|Ktilk3
}s¡YkskslYti£
µj~TWd5ZE\Ì]
=â 
tilk1ilzYv¦øzGRt}YQ}Ìlm~lko5rutm~tiek1lzYvxy/}Yøks|Wvks×awlkseruYkŁK
~kvkü£Îm~tilkèwemwe}Y©|ávkku,mof}Yruk1
}s¡YkskslYtiÎzY|ItilkèGi;tf~iekl"mAtilk1Rtpkvp
ilzGkemt}Yeruk¤zYv~ntiem³r}YmkYetilk}tptruk1ruzGempt}Y;tØhjilk¤¡Ykvtr}YÄ}ÌÒmjlkofrutms

z
a~ilkvk
¡
m9tilk¤zGlGtweee}YlruzGyo¯zGeksRtØzY|Ätilk~
}s¡Yk¡YksrutpzYvèÓÖ}YzGlŁtilkPeqkv
kslYtiú}Ìlm¦Õ¦}YeÈmètilkn|Wvkku,mpof}Yruk
}s¡Yksawey1¯kv¥¨lzYvÑ}ÎGwelksyzÒlkY
¡
mUks×awe}YtpzÎtilkÂoevzYof}G}tzGruzGemt}YRtCÓÖmfrukÂ}YØtilkÂkslkvY ez¥~mè}YzGe*tilk
zGlGtwefe}YKevksrutzG?zY|
tilkzYoetr}Y9eqkv6Õ¦©~iekvk|ázYvxk

z
m}YmpzCtpkv¦yks(tilk
yzaeku,elkutiem³tilksmmsfmeruk3tiekUwety/}tpkYzG}Y©zY|Ktiemjmptwelnm³tpzÂweelkv
mpt}Yetilk1yzaf}Yq¯ksif}s¡ÒzYvjzY|QGwelksyzÒlksm
O|
zGlkÂrxilzazGmpkÑtpz*GlzYvxktilkÑ`fwlkserukèzY|jy}tpkvx}Y9empoqkvxmxzG££zGlkzGwe
feÂtie}tjtilkr}Yeelèeeku/zY|Q}ètpv¦}YetzGe}Yqmptpkoe,elku/f¯kvjmelkoqkselks;t
zY|tiek}¥¡YkskslYti£D£ vAz¥k¡YkvsK}Ym
}Ymlksmruv¦qksÎtilkoevksruksflmpksrutzG£
tilkr}YeflÎelku¡Ì}vxksmmGefr}YRt(~titilkCezYvxy}Yøks
}s¡YkskslYti
yruvz,mptpv¦werutwlvksf¯kv¦m;k¡Yks*~ilksGlzYvxly}tpkv¦}YÄemo¯kv¦mzG£
µmptpkol,elkuCeqkvxm¯}ÑruzYvxku,yzaekèm~ruzGemlkvks*tpzÑqkUGwflks£¯}t¤}ÑG¡Yks
}¥¡YkskslYti£Ä|KtilkèyzÒlku,eekunzY|Itiek1GwelksyzÒlkŁksm~}qz[¡YkŁtiekUvk|Wvx}Yrut¡Yk
Ê"Y
ÓJÕcÔ-ÁÀGÏ9¼V½4Ô&Ë¼}»ÂÁÃËÔ:½(Õ&Ï!Ð/½y»Ñ½Oº`ÁÂÀ

¼ÓÒ`Ô»RÕcÌ=Ö&ÁÑ×Ë¼-Ô
elkuzY|EtilkPr}YeellIhjifmm
}ŁmpzGweeÂoev¦erofkYGmerukPzGemwfrxinruzYvku,yzÒlksm
~
lzYtqkC}Yz[ØksûtpzruzGwlofkntpzr}YeelÎyzÒlksm}Yeûtilkvkaks}Ètpz(tilk
r}YeeelKÉEÈYk~mkYRkPAeÑtiemØtilksmmaruzGfmlkvruzYvku,yzÒlksm
~tiÂ}1yzalku
elkuè}¯z[¡Ykjtilk³kuùqksrut¡YkAr}Yeel¤eeku1tpzqk
GwelksyzalksmsGk¡Yks|WzYv9yruvz
mptpvxwerutwlvxkseqkvxm~tiC}mtpkol,elku}Ye}YzYYY
~TWd5ZE\[]
'â 
}Ympz¤lkofrutmEtilkØyzalku,elkuzY|etilk|Öweee}Yyks;t}YGGwflksUyzalk
}Ymj}è|WwferutzGÂzY|
Ł

\¤wf}Yt}t¡Yks/Øk3zYfmkv¡Yk}èqksie}s¡ÒzYv³×;wftpk3my}vØtpztilk
¯ksif}s¡ÒzYvAzY|tilk1kuùqksrut¡Ykr}Yfel/elkuqAª
t¤milzYvtÓÖlzYvxy}Yøks5Õ
|Wvks×awlkserksm
tilkeqkv©ez;ksmElzYt©}oeoqks}v©tpzAGwelk9GiRtmfrukItilkØyzÒlku,flkuPzY|ÒtilkruzGyofktpk
eqkv
mØks×awe}Yqtpztilk¤kuùqksrut¡YkUr}YfelŁelkuqIª
tjieGilkv³lzYvxy/}YøksÂ|ávxks×;wlksl
rksmItilkÂyzaeku,elku?zY|jtilkÑ|Wwfee}Yyks;t}YØyzalkÑvxmpksm1mwlß/rksRt?}qz¥¡Ykntilk
kuù¯ksrut¡Ykèr}Yefleeku¯e}Yetilk|Öweee}YyksRt}YÄruzYvxku,yzaekUqksruzGyksmP}Gwelks
ÓÖ}YeksÄzÒr}Yøks5ÕØyzÒlkY
hjilkUyzalku,elkuzY|KtilkU|Öweee}YyksRt}YÄruzYvxku,yzaek1vxmpksmj}qz¥¡YkŁtilkkuùqksrut¡Yk
r}Yeeeèelkuql¯ksr}YwfmpktilkruzYvkuÔvxkGzG*m³|ázYv¦yksaÑtilkUzGymmzGnzY|QzGekzY|
tilkÂr}YeelC}Yvp,ilzGksm*hjiemruvxks}tpksm}vks}t¡Yks?}vYkn}vks}*zY|jmr}}t1tilk
ruksRtpkvKzY|ltilkÃ§
¨(ÓÖru|µ_ATád¯Z©\Ì]
=âÍ
Õ¦Ihjilk|Wwefe}Yyks;t}YRruzYvku,yzÒlkmÄtilkvxk|ázYvk
}fktpz}s¡YzGtiek}Yv,ilzGksm/}tn}zGlYkvÂ}¥¡YkskslYtiﬁtie}Ytilk|Öweef}YyksRt}Y
r}YeeeèyzalkY
ª
tÑmiezYvt/lzYvxy/}Yøks
}s¡YkskslYtifm³tilkyzÒlku,flkuzY|¤tilkC|Öweef}YyksRt}Y
ruzYvku,yzÒlk?}oeoevzG}Yr¦ilksmÂtilk*}vxYksmptÑvxk|ávx}Yrut¡YkflkuúzY|tilkÎruzYvkuÔvkGzG ÓÖm
r}RÕ¦lilz¥k¡Ykvsltilk¤yzÒlku,elkuzY|ÄtiekA|Öweee}YyksRt}Y¯ruzYvku,yzÒlkPvksy}YemØqksz¥
tilk*kuùqksrut¡Yk?eekuûzY|Umr}(}Ye}¯z[¡Yk*tiek*kuùqksrut¡Yk(r}Yeflflkuû}tÂ}Y
}¥¡YkskslYtiem,¶ N+SO¸Ôhjilkr}Yrwe}tzGem3milz[ tie}t3tiem¤f¯kv3ie}Ym3}n|Öweef}YyksRt}Y
ruzYvku,yzÒlkAtif}tmiezGweoevxerofk³lzYtØruzGweofk~tpzŁ}YR/zY|£tilkAr}YfelyzÒlksm
lksmpoftpk1tilkŁ|W}YrutPtie}t¤lzÑrks}v¦Clkflks*ruzYvku,r}Yefl/qzGwefe}vÂkuÒmtAhjiem
y}s?mpkksy mxwlvoevxmlÑ|ávzGy }nvx}s;ÔoqzGRt3zY|¡Òk^e ﬁiRÎlzaksm3tilkGi;t¤Gwelks
;útilkÎruzYvkÎlzYt/ksmxr}o¯ktpztiekr}Yfell~iekmpt~}s¡YzGel(tilkÎr}Yeel
}Yvp,ilzGksms¯ksmo¯ksr}Y}t3milzYvtP}¥¡YkskslYtiem~ûhjiekŁ}YemØkv3mAtie}t3}Âvx}syzalks
mŁtpz(myofmptrèqksr}Ywempktè}Ymmwfyksmètie}tètilkyzÒlkr}Y¯kÂ¡ÒkØks}Ym}Împkt
zY|v¦}sÒmtie}tU}Yrut1elkoqkselks;tzY|
ks}YrxizYtilkvs|µemtpks}Y?tilkyzÒlkmilzGwfÎqk
¡akks}Ym1}*~ilzGkYKmwer¦i(tie}tè}Ã
§
¨m1}fkÑtpz*mwlofo¯zYvxtU}CGwelksyzÒlkYK|
t3}Yz¥Am¤tilkyzÒlkètpzCie}s¡Yk}noevxzYof}G}tzG?ruzGempt}Y;ttie}tm3ieGilkv¤tie}YÎtilk
zGlGtwefe}YqruzGyoqzGlks;t~zY|Ktilk
}s¡YkuÔ¡YksrutpzYvzY|I}Y;zY|KtilkUr}YeflyzÒlksmj
tilkUmwlvxvzGweeel1r}YfelmptpvxwfrutwlvkY
~TWd5ZE\[]
'âþ
zGelkofrutm3tiek¯ksif}s¡ÒzYv3zY|Øtiekyzaeku,elkuzY|Øtilk|Öweef}Ì
yksRt}YØruzYvku,yzÒlkYCÏ¤lky}¥(}YmpÈ?|Øtiekqksie}s¡ÒzYvzY|
tilk/yzalku,elku*zY|
tilk
GwelksnieGiekvzYv¦lkv³ruzYvku,yzÒlksm³qksie}s¡Ykmxy}v¦YpAz¥k¡Ykvsftiek¤r}Yrwe}tzGem
vk¡Yks}Y
tie}tŁtiem1eqkvŁlzaksmèlzYtŁGwelkÂ}YRifGilkvŁzYvxlkvèyzaeksm9vvksmo¯ksrut¡Yk
zY|tilkè
}s¡YkskslYtiÄUhjiemPmPrks}vx*}Ñ|Öweef}YyksRt}YQe ùqkvkserukŁ|WvzGy k¡Yks?z¥³
Ê"Q
ÓJÕcÔ-ÁÀGÏ9¼V½4Ô&Ë¼}»ÂÁÃËÔ:½(Õ&Ï!Ð/½y»Ñ½Oº`ÁÂÀ

¼ÓÒ`Ô»RÕcÌ=Ö&ÁÑ×Ë¼-Ô
ï{mtpkoelku?eqkvxmÑÓÀïmŁlkfeks}Ym
» 8'ý
í?þ
3
»
8Øß ì  ë
» 8'ý
í?þ
¶PY"SÒ&QYÊc¸ÔI~ilkvk

6
Þ
ã m
tilk3vk|Wvx}Yrut¡YkUflku/zY|QtilkruzYvkYl~iek

6
#%"
â1â
ü
»
	
m
tiekPvxk|ávx}Yrut¡YkUelkuÑzY|Etilk
r}Yeee;Õ¦nh~iem3e ùqkvkserukÂm3|Öweee}YyksRt}YlÈYks?tpztiekÑe ùqkvkserukÑ(tilk
}¥Ctilkèr}Yeee}Yetiek1ruzYvkèeeruksm³qksie}s¡YkYGµf}Ymr1Ã§
¨Km5tilkUkuùqksrut¡Yk
ruzYvku,elku}Yentilk3kuùqksrut¡YkUr}YeelèeekuÑie}s¡YkUtilkm}Yyk}YmpÒyoetpzYtr¤¡Ì}Ywek
}tPmiezYvtAlzYv¦y}Yøks}¥¡YkskslYtiemq~ifrxi*m~tiekUvk|Wvx}Yrut¡YkèelkuzY|9tiekUf}YrxÈR
YvzGweey}tpkv¦}YIÓWt,aofr}YÑ|Wwfmpksnmr}RÕ¦9h~ilkPr}YeelèeekuÑ}oeoevzG}Yr¦ilksm³tilk
elkuzY|mr}Ñ}n
}s~ier¦iksemxwlvksm£tie}t¤zGe}nfetpkèaweyUqkvPzY|yzalksm
r}Yqk3Gweeksn;ntilkf¯kv¥evvksmpoqksrut¡Yk3zY|KtilkU|ávks×awlkseruYhjiem~m³zGlkzY|Ktilk
×;we}YtksmPzY|ØÃ
§
¨Km¤tie}tie}s¡Yk}tptpv¦}Yrutpks×awetpkèmpzGyk}tptpks;tzG£èª
t3tilkèkseÎzY|
tilkUlkuÒtjmwlfmksrutzG£ltiem³×awe}Yt,Â~¯qk3R¡YksmtG}tpksC|Öwlvtilkv¥
ó=<'ó=<'; BADR)L\RTUaG?_]^IdôjJML\Z)QOEHGbõC,IKJnö÷GÀLdAøQbZIﬃCZ)GbI¢ù³ADRTQ?C.J
O|ŁzGlk}YlzYoftCtilk(lksmGﬁ|ávzGy tilk(oevksruksflúmwlfmksrutzG}Ye"ksf}vYksmtilk
r}Yeee¤}Yvp,ilzGksmKtpzû
ë
Í0Ù Ë¢l}3e ùqkvks;tIofrutwlvxkksykvYksmAÓÖmpkkG~TWd5ZE\[]
=â

Õ¦
ª
tzGllzYvxy}Yøks}¥¡YkskslYtiem3zGf}meGk1|Öweef}YyksRt}YQGwelks*yzalkm
mwloeoqzYvtpks¤a¤tilk9eqkvsKAz¥k¡YkvsG}t©mxilzYvtpkv©
}s¡YkskslYtiemQyzYvk9yzÒlksmÄqksruzGyk
Gwelksantilkeqkvs!Ot~mj;tpkvksmptltpzÂlzYtpktie}tPmptÔazGfÂ}fetpkawey1¯kv
zY|Kyzalksm~}vk3Gwelksnantilk3eqkvslvvxksmpoqksrut¡Yk3zY|Etiek}¥¡YkskslYti£
h©zè;¡YksmptG}tpkPtiemofilkslzGyksezG/zY|£zGeè}1fetpk~;wfyUqkvzY|£Gwflks/yzalksm
|WwlvxtilkvsYtilk³kuùqksrut¡YkjzYvezYvxy}YøksŁ|Wvks×awlkseruY
ãä¬ä
y}sèqk³R¡YksmtG}tpks£I¨lzYv
}Ampt}Yfe}vxzYoftr}YGeqkv
ÓÖ}~myofk9mptpkol,elku3eqkv6Õ¦
ãyäåä
m©lkfeks}Ym¶PY"SeOQYÊO¸R^

ãyäåäë
~yó

ú
6
õ

ú
6
#
Ó þa ÊGÕ
~ilkvk

ú
6
}Ye

ú
6
#
}vktilk
}¥¡YkskslYtieeko¯ksflksRt£vxk|ávx}Yrut¡Yk
elku/ÓÖ}of}vt
|ávzGy y}tpkvx}Y©emo¯kv¦mzGÂ~ier¦iCk1GezYvkU|WzYv~vks}YmzGem~zY|9r}vxt,eÕ
zY|Itiek1ruzYvk
}YeŁtilk³r}YeeelÌvxksmpoqksrut¡YksY_óUmQtilk
vx}YewfmÄzY|ftiekf¯kvKruzYvkY9hEz¤Ykslkvx}Yøk
tiemèlkfetzGzY|
ãyäåä
tpz(yruvxz,mptpvxwerutwlvxksf¯kv¦mU~ti}oqkvxzÒerÑr}Yeel
elkuqlØk3vxkof}Yruk

6
#
Ati

z
|WzYv~tiek3|Wwefe}Yyks;t}Y£r}YeeeèyzalkYK¶ N+Sc¸Ô

ê
z
ÓW|Wmy vk|WkvxmPtpzÂtilkè|Wwefe}Yyks;t}YEmpo5}Yruk1flyzÒlk[Õ¦UazGykè}Yy1fGwetOCzY|9tilk
vx}YewemPzY|ØtilkruzYvkkulmpt3Ã§
¨Kmv¶PYÒü¸ÔÄmxeruklznØksQekflksqzGweee}vkulmpt
¯ktOØkksÎtiekŁruzYvk}Ye*tilkèr}YeellPÏ¤lkŁzYa¡azGwfmAr¦ilzGrukmAtpzÂr¦ilz;zGmkè}ÂruzYvk
vx}YewemzY|©tilk¤;tpkvp,ilzGkPempt}YfrukY0l¶PYÒüYZQ"Yc¸ÔÄOvvxksmpoqksrut¡YkAzY|©tilkPr¦ilzGruk¤zY|Ätilk
ruzYvkvx}YewemÒt³milzGweÂqk3lzYtruksntie}t
ãyäåä
mr}Yksmjlks}vxAtintilk3rxilzGrukzY|
tilkruzYvxkuÔvx}Yewemsks}YelAtpzAtilk
ruzGerwfmzG1tie}tEtiekØkul}YrutIrxilzGruk
zY|fruzYvxkuÔvx}Yewem
~jezYtÑ×awe}Yt}t¡Yks}YtpkvÑtilk*vksmwetmzY|3tilkR¡YksmtG}tzG£$Ï3lkCoqzGmm5k
rxilzGruk1zY|
ãyäåä
m¶PYÒüV¸R^
Ê$a
ÓJÕcÔ-ÁÀGÏ9¼V½4Ô&Ë¼}»ÂÁÃËÔ:½(Õ&Ï!Ð/½y»Ñ½Oº`ÁÂÀ

¼ÓÒ`Ô»RÕcÌ=Ö&ÁÑ×Ë¼-Ô
1.15
1.2
1.25
1.3
1.35
1.4
1.45
0 1 2 3 4 5
m
o
de
 in
de
x,
 β/
k 
normalised wavelength, λ/Λ
~TWd5ZE\[]
=â

gÄh~ilk~kuùqksrut¡Ykr}Yefleeku/}Ye/tiekPyzÒlkPelkuzY|ÄtilkAGwelks
yzalksm©mwloeoqzYvtpks¤aP}jofilzYtpzGerIruvxampt}YReqkv£~ti3}vxYkr}Yeel
}YvilzGksm¤Ó
Ü

ë
Í0Ù ËGÕ¦hjilkP|Wwfee}Yyks;t}YfyzÒlk¤mmilz¥AÑ/Yvkks£
AiekKtilk9kuùqksrut¡Ykr}Yeee
elku3mÄmilz[~3~ti¤vks£Eh~ilk9ieGilkv
zYv¦lkvjGweeksyzaeksmj}vkUmiez¥~n~tilzYtm

ãä¬äë
~ÒÍ0ÙWQ¢l

ú
6
õÓ
¡
ä
ß
Ú
~
Õ
ú
Ó þa þGÕ
¨lvzGy!Ó þa ÊGÕ3t3m¤mpkksÎtie}t
ãäåä
mr}Yksmlks}v¦~ti*ÈÓWzYvR¡YkvxmksC~ti
tilkn}¥¡YkskslYti5Õ¦
merukÂknGlzYvky}tpkvx}Y
empoqkvxmzG£oAz¥k¡YkvsØ|WzYvÃ§
¨Km

ê
z
}ofoevzG}Yrxieksm

6
E}Ymtiek|ávxks×;wlksfrumUeruvks}YmpksÄ/ªAmU}vksmwet3tilk/r}YrwÒ
}tpksCqksie}¥¡azYvAzY|ﬀ
ãyäåä
Ã§
¨Kmjqksie}¥¡Yk1}YmAlkofrutpks*¥~TWd5ZE\Ì]
'âÍ

ª
tAzGl
}¥¡YkskslYtiemﬁ
ãyäåä
mr}YksmU;¡Ykvxmpks*~tiÎtilkÑlzYvxy}YøksÎ|ávks×awlkseruYEmeruktilk
r}YeeeŁflkuÑm³ruzGemt}YRt~Ñtifm
vkGzG£9ªPm
tilk3kslkvxYÂÂtilk3|Öweef}YyksRt}Y
r}YeeeUyzÒlksm9qkG/tpz1ksmr}oqkPtilkAr}Yeel1}Yvp,ilzGksmØ}tifGilkv|Wvks×awlkserksms
tilkUvxmpkﬂ
ãä¬ä
mjmxz¥kvP}YfCk¡Yks;twe}Yﬃ
ãäåä
vks}YrxieksmA}Ñlks}vp,ruzGempt}Y;tP¡Ì}Ywek
¶ N+SO¸Ô¨lvzGy!mpt}Yee}vxf¯kvtpksr¦ielzGzYY{¶PY"SO¸PtmèØks ÔÈaez¥~tie}t
ãyäåä
m}
yks}YmwlvkÑzY|
tilkÑawey1¯kvUzY|jyzaeksmtie}tŁmGwelks?atiek/eqkvsÂhjilkvk|WzYvkÑ}
Ã§
¨~RzGeGwelk³}¤fftpkawey1qkvQzY|qyzÒlksmRvvksmpoqksrut¡YkzY|5tiekjlzYvxy}Yøks
}¥¡YkskslYti£merukÑzGe?fetpk/¡}Ywlksm1zY|
ãyäåä
}vkÂvks}YrxilksÄ(Ï¤vŁmpt}tpksúf ù¯kv
ksRtB^3ª
tmilzYvt3lzYv¦y}Yøks*}¥¡YkskslYtiemUtilkèvxml/zY|tilkèkuù¯ksrut¡Yk/r}Yeel
elkun}Ym³tilk|Wvks×awlkseruÑm³eruvks}Ympksm³}fk3tpzksemxwlvk3tie}t
ãä¬ä
lzaksmjlzYt³vxmk
ÊYË
ÓJÕcÔ-ÁÀGÏ9¼V½4Ô&Ë¼}»ÂÁÃËÔ:½(Õ&Ï!Ð/½y»Ñ½Oº`ÁÂÀ

¼ÓÒ`Ô»RÕcÌ=Ö&ÁÑ×Ë¼-Ô
~tiÑtilkA|Wvks×awlkseruYIhjiem9qksie}s¡ÒzYvzY|Ätilk¤r}YeelUeekumØwety}tpkseÈYks
tpzCtilk
}sÎtilkeksÎksmxr}o¯ksmtilkr}Yeel}Yvp,ilzGksmsf Îtilk/lkuÒtrxif}oetpkvsE}
¡Ykv*my}vjqksie}¥¡azYvPmA|WzGwee£5~ilkstPmA;¡YksmptG}tpksÎilz[ }vYkè}/|Wvx}YrutzG
zY|Qtiek3o¯z[ØkvAzY|EtiekGwelksyzalksmjzY|QÃ
§
¨Km³tie}t~mjoevzYof}G}te}Yvs
0.01
0.1
1
10
0.01 0.1 1 10 100
V
ef
f 
Normalised wavelength, λ/Λ 
~TWd5ZE\[]
=âÍ
gÄh~ilkCqksie}s¡ÒzYvÑzY| 
ãyäåä
}YmÑ}(|ÖweerutzGúzY|¤tilklzYvxy}Yøksú
}s¡Yku
kslYti£hjiek3of}vx}YyktpkvPm³tilkUr}Yeel}YvAilzGkmøk"^aû
ë
Í0Ù Ê¢l
ÓWo5wlvofkIrwlvx¡Yk[Õ¦¢û
ë
Í0ÙPNdlÓW5wlk9rwlv¡Yk[Õ¦\û
ë
Í0ÙWQ¢lûÓWYvkksŁrwlv¡Yk[Õ¦
û
ë
Í0Ù Ë¢l ÓWvksrwlv¡Yk[Õ¦
ÉeÙ! "
Ý=hG ÑxjÒv
1
=(4;<j
8
°
ä
4h4G
1
"

8:
ß$#
D
-8få
- ñÇ
F
9Ý=<
O|atilkeksksrutpvxrKy}tpkvx}Ytie}t©ruzGempttwltpksmÄtilk9r}Yeel
zY|atilkyruvz,mptpvxwerutwevks
eqkv
mØtOØz,fyksemzGe}YoqkvxzÒer;Øk3vxk|ákv
tpzt³}Ym³}Łt,z,eyksfmzGe}Y¯ofilz
tpzGerjruvÒmpt}YK¶ üÍ"¸Ô9ÃilzYtpzGer³ruvamt}Ym9y}¥¯kjmkks}Ymeksksrutpvxr
y}tpkvx}YmI~ti
o¯kv¦zafr~mr}tptpkv¦m5}Ye}vxknmpzGykr}YmpksmA}fk¤tpzkulieftØ|ázYvxfelksÂ|Wvks×awlkseru
vkGzGemEofilzYtpzGerf}YelG}o5m/ÓÖÃÇj¢¤m¦Õ¦nhjilk/t,aofr}Y9lk5etzGÎzY|³}CÃØÇ³¢m}
|ávks×awlkseruÑvkGzGn~iekvk3lzèkuatpkseeksneksnmpzGwltzGemkulmpt
tpz/Ð*}ÌaksÂLÆm
ks×awe}Ì
tzG£q}Ymmweyltie}t¤lzÑzGlGtweee}YÄruzGyoqzGlks;t~zY|9tiekU
}s¡Yk¡YksrutpzYvxmUkuÒmtèÓ
¡
m}Ymmxweykstpz1¯k~økvz;Õ¦Äµ/tilk~r}YmpkAzY|£eqkvxmKGwefl3Gi;t9aŁtiek~ÃÇj¢AÔkuùqksrut
tÑmÑyzYvkruzYvvksrutntpzmt}tpk*tie}tn}ÃØÇj¢ m/}YRtpkvx¡Ì}Y~zY|UruzGyU5e}tzGem/zY|
tilk3oevzYof}G}tzGruzGempt}Y;t
¡
}Yentilk¤
}s¡YkskslYtizY|EGiRt~ilkvk3lzèkuÒtpkselks
Ê"S
ÓJÕcÔ-ÁÀGÏ9¼V½4Ô&Ë¼}»ÂÁÃËÔ:½(Õ&Ï!Ð/½y»Ñ½Oº`ÁÂÀ

¼ÓÒ`Ô»RÕcÌ=Ö&ÁÑ×Ë¼-Ô
mpzGwltzGfmUkulmptètpz(Ð}ÌÒksÂLÆmŁks×;wf}tzGem(hjifm1ekfetzG}YrÈÒlz¥AkslYksmètie}t
tilk*|WzYvfelks|Wvks×;wekseruû;tpkv¡Ì}Ym/lkoqkseúzGtilk*oevzYof}G}tzGruzGempt}Y;tnzY|
tilkÑGwflksyzaekRÓÖm¦Õ|¶PY"Yc¸ÔÉEGiRtèerlksRtUzG}*ofilzYtpzGfrÑruvxampt}YØ~ti}*|ávku
×;wlksfruPAtie3}jÃØÇj¢úzY|Òtilk9o5ilzYtpzGerIruvÒmpt}YR~YlzYt©¯k9}Yz¥kstpzAoevzYof}G}tpk
tilvzGwlGitilkèruvÒmpt}YI}Ye*~©tilkvk|WzYvkè¯k1vkeksrutpks?}¥}¥*|WvzGy tilkèofilzYtpzGer
ruvamt}Y Ihjilkvk|WzYvkYRo5ilzYtpzGer
f}YflG}o/y}tpkvx}Ym9}vk~mzGyktyksmvk|ákvxvksètpz1}Ym
eksksrutpvxrPy/vvzYvxms
Òwer¦i/ÃÇj¢¤m}vkAtilk~zYoetr}Yeks×awe¡}YksRttpz1tilkAksksrutpvzGer³f}YelG}o5m9zY|ÄmpzG
mpt}tpk*o5iRÒmrmÃÇj¢¤mÑt,aofr}YzÒrrwlv/Ailksútilk*}¥¡YkskslYtizY|¤tilkGi;t/m
zY|3tilk*m}YykzYvxlkvÑzY|y}GetwflkC}Ym/tiek*mptpvxwfrutwlvx}Yjmøku1tilk*o¯kv¦zafrt,zY|
tilkUofiezYtpzGer3ruvÒmpt}Y jÐ*werxivksmpks}vxr¦i*m~evksrutpkstpz¥
}vxemAtilkkuÒofzGt}tzGzY|
ÃÇj¢¤m¤CeksksrutpvxrmtpvxwerutwlvksmAtie}tP}vk1oqkvxzaerPCzGlkY¯t,zÑzYvPtilvkkŁeyksl
mzGem~¢Pksekvx}YÃÇj¢¤mPr}Yie}s¡YkŁzGen}YmAifGiCoqkvxzÒert,Ñ}YmAtilk1o¯kv¦zafrt,
zY|Qtiekeksksrutpvxr3y}tpkvx}Y£;¡YzG¡Yksw¶ üÍ$¸Ô
ÃQkvxzÒer~fksksrutpvxr~mptpvxwerutwlvxksmØAti/}1t,z,eyksfmzGe}Y¯ÃÇj¢Ár}YÂ¯kAzY|©wempk
Ñy/ruvz,mptpvxwfrutwlvksÑzYoetr}Y¯eqkvxmamerukAtilk/oevxzGieftIksekvY/|WvzGyMvx}Ye}te
}s
}s(|WvzGy tilk/ruzYvxkuÔvkGzG£Q~iekŁ}Yz¥~enGiRt3tpzoevzYof}G}tpk/}YzGlCtilkl
¡Ì}vx}YRt~fvksrutzGzY|KtilkUeqkvsª¿mrxieksy}trvxkoevksmpks;t}tzGCzY|I}ÃØÇj¢ eqkvjm
milz¥ACk~TWd5ZE\Ì]
'â
¢¯
Core-region
unit cell
~TWd5ZE\[]
=â
¢5gÄª eqkv1tie}tèm1GweelGi;tUa(tilknÃiezYtpzGer/Ç
}YeeG}oúkuù¯ksrut
y/}sqkŁlksmGlks*~ti}ÂruzYvkuÔvkGzGÎtie}t¤mPruvks}tpks?aC}Yeee
}Ykuatpv¦}}Yvp,ilzGkPtpz/tilkUr}Yeflèmptpvxwerutwlvxk
h©zŁoqkv|WzYvxyMr}Yrwe}tzGemzGnÃÇj¢ÁmptpvxwerutwlvxksmzYvk¡YksÃÇj¢®eqkvxm9Atitilk
of}Ylkè
}s¡YkÑyktilzaÄÄ}yktilzÒÎ¡Ykvmxy}vPtpzCtilkzGekèwfmpksÎ|ázYv1r}Yrwe}te
þÍ
ÓJÕcÔ-ÁÀGÏ9¼V½4Ô&Ë¼}»ÂÁÃËÔ:½(Õ&Ï!Ð/½y»Ñ½Oº`ÁÂÀ

¼ÓÒ`Ô»RÕcÌ=Ö&ÁÑ×Ë¼-Ô
tilkè|Wwefe}Yyks;t}YEr}YfelÂyzaekŁmPwempksÄ¨QvxmptAtPm¤lzYtruks£qtie}t3}YrruzYvxel
tpztilk~lkv¦¡Ì}tzGèzY|qÐ*}ÌaksÂLÆm9ks×;we}tzG|WzYv9oqkvxzÒermtpvxwerutwlvksmsGtilkj¡}vx}tzG
zY|©tilkPeks/zY|E}ŁyzaekP}YzGe1tilk¤;¡Ì}v¦}YRtevksrutzG/zY|Ätiek¤fksksrutpvxrAy}tpkvx}Y
y}snqk3kuaofvksmmpksan}myo5kAofvzYof}G}tzG*ruzGempt}Y;t
¡
^
ôÓ&ö\YÕ
ëAûü  }
 
"$#%#

ú
 
#&



#
Ó&ö

Õµ]
#
Ó,î

Õ
ûü'þýMx\)*ß  yx
¨lvzGy#}y}tilksy}tr}YoqzG;tUzY|³¡Òk tilkÑzGf?e ùqkvkseruk/tpztilknr}Yrwe}Ì
tzGemtif}tÂyŁwemptÑ¯ko¯kvx|ázYvxyksútpz5eútilkyzaeksmGweeksú;ûÃØÇj¢ kuùqksrutm
zYvè}Ytpkvxe}t¡Yks?tiekÑ|Öweee}YyksRt}YGwelksyzaekÑ}f¯kv1GweeltilknGi;t
;úmyofknelkukuù¯ksrutm³mtie}t/lz[ Øk*}vkClzYtof}vxtrwe}vx;tpkvksmptpksû
tilkè|Wwefe}Yyks;t}YQyzalkYµemtpks}Y*kè~mi*tpzfe*tilkyzÒlksmPtie}tlkfek1tilk
¯zGwfee}vxksmÄzY|etilkofilzYtpzGerf}YelG}o©[zYvKtilk
yzÒlksm©tif}tQruzYvvxksmpoqzGetpzPGwelks
mpzGwltzGfmEAtieè}¤ofilzYtpzGfrf}YelG}oÄK¨lzYvlksRt|áÒlPtilk³ofilzYtpzGfrf}YelG}ofm
zY|©}èr}YeeeUmptpvxwerutwevkAwemxl1}1G¡YksÂoevzYo5}G}tzGnruzGempt}Y;t
¡
;zGekP¡}vxksmk
}YzGlUtiek~qzGweee}vx1zY|£tilkPvvksfwerfk
ÇvxzGweèøzGlkA|ázYv
}Ulksmxvksawey1¯kvØzY|
ksYksR¡}Ywlksm3ÓWkY l9|WzYv³mr}3~tiÂ}YvxilzGksm9of}YruksÂoqkvxzÒer}YUzGÂ}èilzGlkÒruzGyU
}tptrukYlt
mÈÒlz[~/tif}t
ÃØÇj¢¤mtpkseÂtpzŁ}oeoqks}v
qkt,kksÂf}Yeem;wfyUqkvÊŁ}Ye
þa¯}YeC¯ktOØkks*ksYksemzGwltzGem~;wey1qkvGQ}Yfja;³hjilkvk|WzYvkY5zGlk~£lkksCtpz
r}Yrwe}tpk}tks}Ymptvaf}Yeem1tpz?ruzYvvksrutlks;t|áÎqzYtizY|jtilksmpkÃØÇ³¢3m9|WzYvè}
G¡Yksr¦ilzGrukzY|
¡

~TWd5ZE\[]
'âÍ
wemptpv¦}tpksm¤tilk/f}YfÒ,mptpvxwerutwevk|ázYvŁ}CoqkvxzÒerèeksksrutpvxry}Ì
tpkvx}Y Łhjilkmptpvxwerutwevkie}Ym3rvxrwe}v¤}Yv¤iezGksm¤of}YruksÎzG?}ilzGekaruzGy1(}tptrukY
}Yrxi}YvilzGkPie}Ymtilk¤e}Yyktpkv*û
ë
Í0ÙWQ¢lAl~ilkvk lmØtilk¤;tpkvxilzGkPempt}YerukY
¨lzYv~ks}Yr¦iCf}YentieklzYvxy}YøksÑ
}s¡YkskslYti£
Ł

m³miez¥~}YmÂm
¡}vxks}YzGl
tilk¤¯zGwfee}vèzY|Ätilk¤vvxksewerfkjÇØv¦zGweèøzGlkYhjilkPlzYvxy}Yøks/¡}YwlkPzY|Ätilk
}¥¡Yk¡YksrutpzYv}YzGltilkR¡}vx}Y;tjevksrutzGmﬁ

ú

ë
Ê:ÙÆÍÒ
µtiem
ofzYtetilkksYks;¡}YwlkzY|Ktilk|Öweef}YyksRt}YÄksYksempt}tpkŁ}oeoqks}v~}t~tilk
tpzYoÄY~iekieGilkvQzYvxlkvQksYks;¡Ì}YwlksmK}oeoqks}vEqksz[tilk|Öweee}Yyks;t}Y;ksYksR¡}Ywlk
|ázYvn}(G¡Yks¡}YwlkCzY|5¬~zYtruk*tie}tÂ¯ktOØkksf}Yefm/Ê}YfþÓÖ}YmÑks~}Ym
¯ktOØkks®f}Yeemawey1qkvkQû}YeÉaYÕÂtilkvk(}vxk?|ávks×awlkseruﬁ;tpkv¡}Ymn~ilkvk?lz
kuatpkseeksŁmzGwltzGem©}vkØ|WzGweeUtpz¤Ð*}ÌÒØksRLÆmEks×awe}tzGfmEhjieksmpkØ}vktilkofilzYtpzGer
f}YelG}ofmj|ázYvjtifm
of}vtrwf}v³¡Ì}Ywlk3zY|


ú


¨lzYvÃÇj¢ eqkvxm1}YmpzlItilk;¡}vx}Y;t1mptpvxwfrutwlvkÑtilkP,evksrutzGyofksm
tie}tItilk
}¥¡Yk¡YksrutpzYv³r}YelzYt9rxif}YlYkjŁtiemKevxksrutzG£Eh~ilkvk|WzYvkYR|f}¤zÒr}Yøks
yzaek1ie}YmP}|Wvks×awlkseru~tif}ÑÃØÇj¢ zY|ItilkèmwlvxvzGweeelŁr}YeelÑmptpvxwerutwlvxk
ÓW|ázYv/}(G¡Yksú¡}YwlknzY|
¡
Õ¦tiekstiemzÒr}YøksúyzÒlkCr}YeezYtksmr}oqkCtilvzGwlGi
tilkr}Yefl?}YeúmruzYvxvksmpoqzGeeeG}ÎGweeksúyzaekYhjiemŁkuÒof}Ye}tzGúzY|
}GwflksÃÇj¢yzÒlkmtpvxrutú|WzGz[~mÂtilk?zYGr*zY|tilkÎof}YlkuÔ
}s¡Yk(yktilza
þÒü
ÓJÕcÔ-ÁÀGÏ9¼V½4Ô&Ë¼}»ÂÁÃËÔ:½(Õ&Ï!Ð/½y»Ñ½Oº`ÁÂÀ

¼ÓÒ`Ô»RÕcÌ=Ö&ÁÑ×Ë¼-Ô
0.65
0.66
0.67
0.68
0.69
0.7
0.71
0.72
Γ M K Γ
N
or
m
al
ise
d 
w
av
el
en
gt
h,
 λ
/Λ
~TWd5ZE\[]
=âÍ
gÄh~ilkempoqkvxmzGCvks}tzGÎzY|}ÂoqkvxzÒer1eksksrutpvxr1mptpv¦werutwlvkè~ti
tiek*}YvÂilzGksmo5}YruksûzG}ilzGekaruzGy1}tptruk*mptpv¦werutwlvkYhjiek
mayyktpvo¯zGRtmüq
ÐØ­ }vkmilz[~ûzGûtilkev¦mpt}ÌÒmhjiek
mksruzGe1}Ìlm©G¡YksmQtilkØlzYv¦y}Yøks3
}s¡YkskslYti£
Ł

Y}Ym©tilk ¯Ô¡YksrutpzYv
tpv¦}s¡Ykvxmpksmtilkè¯zGwfee}vzY|ØtilkvvksewfrfkUÇvxzGweCøzGlkY1hjiek
ezYvxy}YøksnofvzYof}G}tzGCruzGfmpt}YRta

ú

fmjÊaÆÍ
meruktiemyktilzÒûr}Yrwe}tpksmtilkCksYkse|ávks×awlkserksm|ázYvÑ}?G¡Yksr¦ilzGrukCzY|
¡

Ãi;amr}YY;ty}sqk~yzYvkAyks}YflY|Öweltpz1mx}stie}t|
¡
zY|£tiekAzÒr}Yøksyzalk
mK~tieŁ}¤|WzYvfelks
¡
,;tpkv¡}YÒzY|¯tiekjr}YeeeP}t9tiek³of}vtrwe}vQ
}s¡YkskslYti£
tilksCtilkUGwelksyzÒlkUr}YflzYt~ruzGwlofktpz/}Y;nr}YeelyzÒlksm5}YetilkUyzalk
y1wemtjqk¤}GwelksyzÒlkY
µo~TWd¯Z©\Ì]
=â&%
mPmilz[~*tilk1kuùqksrut¡Ykeeku¯k
z
}Ym¤}Ñ|ÖweerutzGCzY|9tilkèlzYvp
y}Yøksè
}s¡YkskseYti£
Ł

|WzYv}3mptpvxwerutwevk³~ti}Yv9iezGksmKzG}3ilzGlkÒruzGy1/}tptrukY
hjilk1f}YyktpkvPzY|Itilk1r}Yfel}Yv¤ilzGksmAm~ÍÒWQ¢lAAh~ilkUqksie}¥¡azYvAzY|ItilkU|Öweef}Ì
yksRt}Y©mpof}Yruk3fl1yzalkÓÖhjiek3kuù¯ksrut¡Yk1r}YeeeŁflkueÕ¦l}Yentiek3¯zGwfee}v
zY|~tilkz[ØksmptzYv¦lkvèofilzYtpzGerÑf}YeeG}o"ÓÖ}qz[¡Ykf}YeúÊGÕ1mèmilz¥A£·Otmèlz
trukstif}tUtilkkuùqksrut¡Ykeekuvx}YeYksmzY|³tilkÑofilzYtpzGerf}YelG}oﬁÓW|ázYvŁ}CG¡Yks
|ávks×awlkserueÕ
mj¯ksz¥tilkUkuù¯ksrut¡Ykèr}Yeflelkuqe}Ym~}/vksmwetzY|ItiekofilzYtpzGer
f}YelG}oqzGweef}vxksm9qkse1tilk¤|Wvks×awlkserksmzY|EifGilkvzYvxlkv³ksYks;¡Ì}Ywlksm9hjiem
ie}YmPtilkŁyoqzYvt}YRtAkuù¯ksrut¤tie}t¤zGlkèy}¥GweekUGi;tAAtieCruzYvxkuÔvkGzGemP~ti
}YCkuùqksrut¡Yk1flkuÑqksz["tilkkuùqksrut¡Yk1r}Yfelèelku·¶ ü*a}¸Ô
þYÊ
ÓJÕcÔ-ÁÀGÏ9¼V½4Ô&Ë¼}»ÂÁÃËÔ:½(Õ&Ï!Ð/½y»Ñ½Oº`ÁÂÀ

¼ÓÒ`Ô»RÕcÌ=Ö&ÁÑ×Ë¼-Ô
1.1
1.15
1.2
1.25
1.3
1.35
1.4
1.45
0 0.5 1 1.5 2 2.5
m
o
de
 in
de
x,
 β/
k 
normalised wavelength, λ/Λ
~TWd5ZE\[]
=â&%
gÄh~ilk
kuù¯ksrut¡YkAr}YeeePflkuÂÓWfwek[Õ¦YtilkjÃÇj¢qzGweef}vxksmEzY|5tilk
|Öweef}YyksRt}Yqo5ilzYtpzGer¤f}YflG}oCqkt,kksCf}YfemjÊ}YeþÓWvxks5Õ¦
ÉeÙ'

D
		hÝÞù4:
1
ä

ßfB9Ý
É
Ï¤lk¤yoqzYvt}Y;t}Ympoqksrut
zY|Ey/ruvz,mptpvxwfrutwlvksÂeksksrutpvxrAy}tpkv¦}Ymtpzè¯k¤wempksn}Ym
r}Yeee1mptpvxwfrutwlvksm³ÑzYoetr}Yqeqkvxms;mtie}tj}YÂkuùqksrut¡YkUr}Yefl1elku/y}¥
¯kCekflks£ûhjiekkuù¯ksrut¡Ykr}Yeel?elku}Ym/|ázGweftpz(qkCmptpvzGlG
}s¡Yku
kslYtieko¯ksflksRt5}×;wf}Yt,ntie}tPks}YCtpzÑtilkoqzGmmftOzY|Iyruvz,mtpvxwerutwlvks
eqkvxmItie}tmwloeoqzYvtIzGeè}Ufetpkjawey1qkvzY|qGwelksÑyzÒlksm;vvksmpoqksrut¡Yk³zY|£tilk
}¥¡YkskslYtizY|5tilk³Gi;tQhjieksmpk
eqkvxmE}vxk
mx}YŁtpzPGwflk
Gi;tEa1yzÒefkstpzYt}Y
Rtpkv¦e}YavkeksrutzG£K9¡YksyzYvkØv¦}Yer}YÒmEtilk
o¯zGmxmft,PzY|fofiezYtpzGerØf}YelG}ofm
C}oqkvxzaerPfksksrutpvxr3mtpvxwerutwlvkY³hjifm³y}ÈYksmPtjoqzGmm5k¤tpz/GweekUGi;t~C}
ruzYvkuÔvkGzG~tiC}z[ØkvAvk|Wvx}Yrut¡YkUflku¯Òtie}YCtilkkuùqksrut¡Yk1r}Yfelèelkuq
þYþ
¨ ©«ªA¬®­v¯.° (
  ﬁÍÌ "Ø  ÏÎ    # 
	
       I" 
)
Ì ﬀ¥² ³ +* ,  ØùÆ
µtilkÂoevksrukselr¦ie}oetpkvsØmpzGyknf}YmrÑoevzYoqkvtksmzY|~oqkvxzaereksksrutpvxrÑy}Ì
tpkvx}YmAØkvxk1lksmruv¦qks£hOtA}Ym¤miez¥~tie}tAoqkvxzaer3eksksrutpvxry}tpkvx}Ym~y}¥
¯kŁwempks*}YmPr}YeelvxkGzGemPofilzYtpzGfrUruvÒmpt}YEeqkvxmJ tiem~rxif}oetpkvPmxwerxi
eqkvxmj~£qk1;¡YksmptG}tpksÎ|Öwlvtiekvsf~tiCksyofif}YmmjzGeqkvxm~tie}tPGwelkŁGi;t
;èyzÒeeksŁtpzYt}Y¯Rtpkv¦e}YavkeksrutzG£a}Ykuùqksrut¡Ykvèmy}vKtpztilk³ks ÔÈÒlz¥~
GweeeŁofvxero5k~zY|Kh©zYt}YKµ;tpkvxe}YÄvkeksrutzG£
!fÙ-Ú
0
e!ßå7Ð`8=ò
0

6(4::Þ
ªAmPmilz[~Coevxk¡azGwfmYfÃ
§
¨Km~*y}YRvxksmpoqksrutm~vksmksyUfkUmpt}Yee}v¦mptpkol,elku
eqkvxmÏ¤lkCy/}súlkflk}Ykuù¯ksrut¡Ykr}YeelelkuqØruzYvvksmo¯zGfelÎtpz(tilk
vk|áv¦}Yrut¡YkelkuÑzY|©tilk3r}Yefl1mtpvxwerutwlvk¤zY|Q}Łmtpkol,elkuÑeqkvsa}Yfy1wer¦inzY|
tilk;twetzGÑÈaez¥~n|WvzGyýmptpkol,flkuÑeqkvxmmpt5ilzG£ÒkY l}}vYk3mptpkol,elku
¯ktOØkksÎtiek1ruzYvk}Ye*tilkèr}Yeee/ks}YemAtpzÂyŁwet,yzaekeqkvxm~|ItilkŁruzYvxkŁm
mwlß/rks;tÎ}vYkYK}Ym1m3tilkÑr}Ymk/|WzYv1my}YI¡Ì}Ywlksm3zY|
Ł

ruzGy1flks?Ati(}vYk
¡Ì}Yweksm¤zY|
Ü

lOt3ie}YmsÄtilkvk|WzYvkYÄqkks?mwlYYksmtpks?tie}t3zGlkr}YÎksmpty}tpkf}Ymr
eqkvEof}v¦}YyktpkvxmKa1;¡YksmptG}teP}¤mwet}fkØmtpkol,elku1eqkvE~ti1}Pvk|Wvx}Yrut¡Yk
elkuzY|Ätiek¤r}YeelUtie}t
¡Ì}vxksm/tilk¤m}Yyk¤
}sÑtie}t
tilkAkuùqksrut¡YkflkuzY|
tilkUr}Yeflè¡Ì}v¦ksm
|ázYv~tilkUÃ§³¨×;wlksmtzGw¶ N+SÒ/YÒüG#YÍc¸ÓÖmpkkATád¯Z©\Ì]
'âÂ
Õ¦
Å¤ ù¯kvxksRtnmrxieksyksmnie}s¡Ykqkks}oeo5ksÉ¶PYÒüYJQ"QO¸Ô~ilz[Øk¡Ykv¥AtÂmYkslkv¦}Y
}YvkksÎtie}t¤tilkèqksmptAruzYvvxksmpoqzGelkserukèmAzYet}YlksarxilzazGmeÑtilkŁvk|Wvx}Yrut¡Yk
elku3zY|emr}
tpzAqk9tiekvk|Wvx}Yrut¡Yk
elku¤zY|ltilkruzYvk}YfUrxiez;zGml~tilkØvx}Yewfm£zY|
þON
Ï9¼½4ÔÄË¼*»ÂÁÃËÔ:½(Õ&ÏÐ/½y»Ñ½Oº`ÁÀ

¼àÒÔ»RÕcÌKÖ_Ái×ZË¼Ô-oÁR»ÂÐnÕ

»ÑËyÔ/.?¹Óº¾ZË1032Gº#ÕcÌ?½*ÎcÒ
Effective index
~TWd5ZE\[]
'âÂ
gÄªyruvz,mptpv¦werutwlvks1eqkv©~ti1}YvKilzGksmEzGŁ}Atpv¦}YlGwe}vQr}Yeel
mtpvxwerutwlvkYY}Ye1}AmzGruzYvkuÔvxkGzGèruvks}tpksŁ;3tilkØzGymmxzGzY|ltilk
ruks;tpvx}Y¯}YvilzGkYRvksmpksy1fksm}mptpkonelkuŁeqkv9~ti}U}¥¡YkskslYti
eko¯ksflksRtjr}Yeelèeeku¯
tilk3ruzYvkYófe}Ym³}oeofvzsly}tpksÑÍ0ÙWQ¢l7¶PYÒüY`Q"QO¸Ô9 Pme1tiem¡}Ywlk¤zY|'ótiek¤rwet Ôzù
oevzYoqkvtksmAzY|9tilkÃ§³¨ûvksmpksy1fkŁtilzGmpkŁzY|Ømtpkol,elkuCf¯kv¦mftie}t3mP}nmpksruzGe
zYvxlkv³rwlt Ôzù}t³}4
ãäåä
Ô¡}YwlkPzY|E}ofoevzsly}tpks/ÊaPNl9Ot³m;tpkvksmpteUtie}t
tiem
}Ye}YzYY1m©vks}YmzGe}fUelkoqkselks;tÄzY|
Ü

qtiemQmwlYYksmptmKtif}tQtiekØGwelks1yzalksm
zY|QÃ
§
¨Km
vksmpksy1fkU¢¤}Ywemmx}YnoevzYfksm}Ym~lzètilkyzÒlksm
zY|Empt}Yfe}vxmptpkol,elku
eqkvxm
hjiem/}Ymn;¡YksmptG}tpksﬁ7¶PQ$a}¸Ôjar}Yrwe}tl(tilkz¥¡Ykv¦}oﬁ¯ktOØkkstilk
GwelksÎyzÒlkŁzY|tilkÃ§³¨}YeÎ}YÎzYoetyøks(¢¤}Ywemmx}YoevzYfkYeµt¤}Ym¤|WzGwee
tie}ttilkAyzaeksmIzY|£Ã§
¨Km9lz1è|W}YrutØvksmpksy1fkA¢¤}Ywfmm}YempÄt,aofr}YŁtilkjz[¡Ykvx}o
m3qktptpkvUtie}Y S"YdúÂÑhjifm3m¤k¡ÒlkserukYEtie}t1flku*Gweelnyruvz,mtpvxwerutwlvks
eqkvxmlz|Ö}Yrut/vxksmpksyU5kCmptpkoelkuf¯kv¦m~ieksúemrwemxmlf}Ymryzae}Y
rxie}vx}Yrutpkv¦mptrmzAz¥k¡YkvstmilzGweqk?lzYtruksﬁtie}ttiekÎruvxzGmm ,mpksrutzGfmzY|
tilk(r}YeelyzÒlksmnzY|ŁÃ§
¨Km}vk?¡YkvﬁyŁwerxi"}Ìùqksrutpksatilk?`fwlkserukzY|
tilkŁr}Yeel}YvAilzGksms
 ieksemxrwemmeyzYvk1}Ye¡Ì}Yeruks*tpzYofrms¯mwfrxi}Ym~tilk
ks}ÈÌ}YkzGmmpksmtilvzGwlGiÂtilk3r}YfelŁmptpvxwerutwlvxkAzY|QÃ§
¨KmzGlk3milzGwetilkvk|WzYvkY
lks}YYllzYtA}tptpksyoet~tpz/ksyofz[Âmyofk¤mptpko*elkuÑ}Ye}YzYGksm
µ(tiem¤tilksmmÄtilk/mtpkoeeku*}Ye}YzYY?mwfelkvxÒlÑtilk/r}Yrwf}tzGem¤zG
¯ksfelÂzGmmpksmE}Ye?mP|Wwevtilkv¤zY|átpks(vk|ákvxvksÎtpzlÄ~ilks?fmrwemmxl/tiekè×awe}Y
t}t¡YkUqksie}¥¡azYv³zY|IÃ
§
¨Km
!fÙÓØ ãAä
×ñÝ=
1
(4; 4:65.9Ý=:Þ
°
Ý=4;ßh:=-¤-
0
-Ý
ÅAksmxGelèzYoetr}Yqeqkvxm~ti}}vYk3awey1¯kv³zY|Qr}YeelŁ}Yvp,ilzGksm³lzaksm
oevz
¡aekŁ}Â;wfyUqkvPzY|Ølz[¡YksKo¯zGmxmftksmÒk¡YksÎ~ilksvksmtpvxrutlÑzGlksmpks|tpzÂf¯kv¦m
tie}tAGwflkUGiRtA;CyzÒefkstpzYt}YKRtpkv¦e}YÄvkfksrutzG£~ªPmAmxilz¥~*ks}vxkv~tiem
þ"Y
Ï9¼½4ÔÄË¼*»ÂÁÃËÔ:½(Õ&ÏÐ/½y»Ñ½Oº`ÁÀ

¼àÒÔ»RÕcÌKÖ_Ái×ZË¼Ô-oÁR»ÂÐnÕ

»ÑËyÔ/.?¹Óº¾ZË1032Gº#ÕcÌ?½*ÎcÒ
y}s(G¡YkÑeqkvxmUtie}tŁzGeÎGwelkÂGi;tU}*mlGk/yzÒlkYIvvxksmpoqksrut¡YkzY|jtilk
}¥¡YkskslYtit¶ N+Sc¸ÔIÏ¤ek
y/}s1}Ympz3lksmGŁeqkvxmE~tiè}¤}vYk³aweykvxr}Ya}oqkvtwlvkY
merukPtilk¤kuù¯ksrut¡Ykr}Yeee1eeku/y}sÑ¯k¤z[ØkvksmxGefr}Y;tYÒruzGyof}vksÂtpz
tilkvk|Wvx}Yrut¡YkUelkuÑzY|QtilkUruzYvxkUy}tpkvx}YÔemr}Ò
~z[Øk¡Ykv¥Qtieko¯zGmxmft,nzY|
ie}s¡ÒlzYoetr}YKeqkvxm£~ti?}n|Wvx}YrutzG(zY|Øtilk
kslkvYŁzY|ftilk³GwelksèyzaekqkseAGwelksèè}YvsGètmpks|ezù¯kv¦m9}¤;wey1qkvIzY|5l
tpkvksmptl3oqzGmmxftksmÄhjiemEzYoqksemKwlotiek³o¯zGmxmft,¤zY|qRtpvxzaewfrl¤y}tpkvx}Ym
RtpzUtilk~r}Yefl}Yvp,iezGksmGtie}ty}s;tpkvx}YrutØ~titilk~ksksrutpvzGy}GlktrjeksÄ
}YeÎtilkvkaruvks}tpktiekŁoqzGmmxft,ÂzY|kY l1ez¥¡YksKG}YmmpksfmpzYvxmªPmpzntilk}vYk
vk|áv¦}Yrut¡YkÂelkue ùqkvkseruk/¯ktOØkksúmxr}}Ye}YvsKG¡Yksmè};wfyUqkvUzY|Alz¥¡Yks
rxie}vx}Yrutpkv¦mptrm¯ruzGerukvxeltilk3qksie}s¡ÒzYvjzY|QtilkYvxzGwloC¡YkszÒrt,Y¯}Ymj}|ÖweerutzG
zY|Qtiek3}¥¡YkskslYti*zY|KGiRt
µtiemŁmpksrutzGÄIØkÂ~R¡YksmtG}tpkntilkÑ|Wvx}YrutzGÄ7IQzY|~tilkÑ|Öweef}YyksRt}Y
GwelksúyzÒlktie}tÑmoevzYo5}G}tl(ú}Yv¥ûhjilzGwlGiúmpzGykCvksmwetmie}s¡Yk*¯kks
oevksmpks;tpks(zG?tiek/mmwekÓÖmwerxi}YmtilkoqzGmmxft,zY|³ie}s¡ÒlCweo(tpz¥NGÍKú zY|
tilk
eksCofvzYof}G}tlÑC}Yvs&¶PQYËO¸WÕ¦qlz/mpÒmptpksy}trŁ;¡YksmptG}tzGzY|Itilk1}YyzGweRtAzY|
kslkvYnoevzYof}G}tl}Yv~if}Ym³qkksoevksmpks;tpks£
hjilkjmpt}vxtl3oqzG;tQzY|¯tilk~}Yf}YamxmKmItilk³kuÒoevksmmxzGè|ázYvtilk³YvzGwlo¡YkszartO
¶PQYÊO¸R^ 8
	
ë
ï
¡
~ﬂ9:
Óô ìníO¦éåd7Æ
9
:
ø-ôì¥í
¦
é¬d7Æ
Ó?Nlü¥Õ
hjiemØkuÒoevksmmzG/mØ¡Ì}Y|WzYv³}UGwelksÑyzalkYa~ilkvxk~tilk¤;tpkYvx}tzGnmilzGwe
¯kŁz¥¡Ykv3tiekèruvxzGmm ,mpksrutzGÎAilkvkUtiekŁfks*mAlzGlÔøkvzl¨lzYv3}nÃ§
¨~ti*zGe
t,zPeksksrutpvxrmÄR¡YzG¡YksÂÓW~ier¦ik~tpkvxyø
"
ü¨Þ
}Yelø
ß
ü
tifmÄy}¥3¯kvkjvxtptpks
}Ym^
8
	
ë
ï
¡
~ 9;:
Óô ì¥í
¦
Õ_éådKÆ
ø1ß
ü
9
ß
ü
#
ü
6
"
ô ì¥í
¦
é¬dKÆqîgø
"
ü¨Þ
9
"
ü¨Þ
ô ì¥í
¦
éådKÆ
Ó?Nl ÊGÕ
µ;tpvzÒewereŁtiek|áv¦}YrutzGzY|QtilkeksnofvzYof}G}tl}Yvs<7?kzYet}Y=^8
	
ë
ï
¡
~
9
:
Óô ì¥íH¦Õ_éådKÆ
¶Pø
ß
ü
Ó ü:õ=7EÕ'î.ø
"
ü¨Þ
7¸
9
:
ôì¥í
¦
éåd7Æ
Ó?Nl þGÕ
zYv^
7
ë
ø1ß
ü
õ
z
6
>

ø1ß
ü
õwø
"
ü¨Þ
Ó?NlPN;Õ
Òeruk
6
>

m
tilkYvzGweoCelkuÂzY|Qtiekyzaek3ØkUruzGfrwelk3tie}t
þ"Q
Ï9¼½4ÔÄË¼*»ÂÁÃËÔ:½(Õ&ÏÐ/½y»Ñ½Oº`ÁÀ

¼àÒÔ»RÕcÌKÖ_Ái×ZË¼Ô-oÁR»ÂÐnÕ

»ÑËyÔ/.?¹Óº¾ZË1032Gº#ÕcÌ?½*ÎcÒ
7
ë
ø1ß
ü
õ
Tä(
	
ø1ß
ü
õwø
"
ü¨Þ
Ó?NlWYGÕ
~kvxk
Tä
m1tilkÂyzae}YØofie}YmkÑeeku¯K~iek

	
mUtilknyzÒe}Y9YvxzGwloelku
ÓÖlkflks*;kY l
8
	
ë
6
»

3
Ł<?


?$
Õ¦
 ?ky}stilkvk|WzYvkUksmpty}tpk1tiek1|Wvx}YrutzG*zY|
tilkèeksoevzYof}G}tl*}Yvs£wemlÂzGezGlk;weykvxr}YQe ùqkvksRt}tzG£hjiem
yktilzÒ1m©oevk|Wkvvks1tiem©tilksmxmmeruk9tiekyktieza1zY|lk¡Ì}Ywe}tlAtilk|Wvx}YrutzG
zY|Itilk1oqz[ØkvPoevzYof}G}tlÑ}Yvs5fvksrutn|WvzGy tilk1}¥¡YkuÔ¡YksrutpzYvxmoqzGmpksmPmpzGyk
oevzYfksy/m~a*tmks|AÓWtilkèofwlvxo¯zGmk1zY|Rtpvxzaewfrltilkèkuùqksrut¡YktpksemzYvRtpzntilk
of}YlkuÔ
}s¡YkjyktiezaèmEtpz¤¯k
}fktpz¤zYet}YèruzYvvksrutKksYks;¡}YwlksmIwemlA}Pytpks
;wey1qkvIzY|55}YmmK|ÖweerutzGemh¶PYON"¸ÔIhjifmYzGètilkjzYtiekvie}Ye£Gy/}ÈYksm9t9}Yy1fGwlzGwem
tpz1k¡}Ywe}tpkPilz¥ﬁy1wfrxiÑzY|£tilk~eksm9ofvzYof}G}tlŁ/}Yvs;merukjtilkAof}YlkuÔ
}s¡Yk
yksmiCwemkstpz/lksmruv¦qkPtiekeksksrutpvxrPmtpvxwerutwlvkmjnkuùqksrut~tpz/my/}YáÕ¦
hjilk1vksmwetl/r}Yrwe}tzGem~m~lkofrutpks*t~TWd5ZE\[]
Kâ)
:µtAm~lzYtruks*tie}t
tilk3¡Ì}YwlkPm³elkoqkselks;tzY|Etilk¤}¥¡YkskslYti*}tjzGlè}¥¡YkskslYtiemshjiem
mtilk
vkGzG~iekvk³tilkjeqkv9mlzYtItpvxweŁGwefl¤}ruzGlflks/yzaekY_Az¥k¡Ykvsl}Ym9tilk
|ávks×awlkserumeruvks}Ympks/}Yetilkj|Öweef}YyksRt}YfyzaekjqksruzGyksm9tpvxwfUGwelks£Gtilk
eksÎYvx}Yewf}Yksmxr}o¯ksmtilk}Yvp,ilzGksmª~G}Y(zGlkfefmP}rks}voqz¥kvU}¥ zY|
tilkA
}s/tilk~eksksmr}oqksmtilkA}Yvp,ilzGksm atiemØy}sqkAYkslkvx}YøksÑtpzèwemtpvx}tpk
tilkA
}sÑtilkP|Wwefe}Yyks;t}Y5yzÒlkA¯ksif}s¡Yksm³/o¯kv¦zafr³eksksrutpv¦r~mptpv¦werutwlvksmIª
t
milzYvt³
}s¡YkskseYtiem~tiekU}YyzGwe;tjzY|Qtilkeksntif}t~m³oevxzYof}G}tl}Yv~m
~ti
Yz;zÒ}Yrrwlv¦}YruCoevzYoqzYvtzGf}Yqtpz/tilkŁm×;wf}vkzY|KtilkU
}s¡YkskslYti£³ªAmAzGlkzGwe
kuaoqksrut/tmè|Öwlvtiekvèmkksútie}t}vYkvÑ}Yvp,ilzGksmŁtpkseûtpz(yoftie}t}?}vYkv
o¯zYvxtzGnzY|Ktilk3ksksrutpvzGy}GektrkslkvxYnm
oevzYof}G}te/}Yvs
hjilky}ÌlyŁwey |áv¦}YrutzG?zY|tiekeksoevzYof}G}tlCÎ}Yv3tie}tUy/}s¯kèzYl
t}YlksŁlkoqkseemÄzG1tilk¡Ì}YwlksmÄzY|
Ü

}Yetl?tie}tKm©ruzGemxlkvksU|áks}YmfkYilz¥k¡Ykvs
tj}oeoqks}vxm
tie}tjtiekmwlYYksmptpks¡Ì}Ywek3zY|pNGÍKú-zY|Etilk3fksnoevzYof}G}tl}Yvjm
lzYtU}Ywflvks}YmtrŁ¡Ì}YwekYÄtilzGwlGit3~Qvks×awevxkmy}YImptpv¦werutwlvksm3Ati(}vYk
}YvpÔflU|Wvx}YrutzGfm
!fÙÉ ãAä

ð
4GÝ=ÈfA@Ä«4:6B¥hÝ=G_å
ð
4GÝ= ñÇ
F
!Ý=<
ÒerukÃ§
¨KmEvks}YrxilksmKzGf¤fetpkC
ãyäåä
Ô¡}YwlksmzGe}~fetpk;wfyUqkv©zY|5yzaeksmE}vk
GwelksÂatilksmpk3eqkvxms;vvxksmpoqksrut¡YkAzY|Etilk¤}¥¡YkskslYti£
at ;zGlk3y}sÂzYet}Y
}¡Ykvn}vYkeekuÂmptpkoÄeruzGyof}vkstpztpv¦}YetzGe}Yqmptpkoe,elkuÂeqkvxmlmeruk¤tilk
kuù¯ksrut¡Ykjr}YeelAelkuy}¥qkØ}YmKz¥ú}YmQ}oeoevz¥Òy}tpksüüÄ 1mpzGyk}Ympoqksrutm
}UruzGempt}Y;tD
ãyäåä
Ô¡Ì}Ywlk~y}¥ŁqkjmpkksÑ}Ymeks}Y pµt9zùqkvxm9tiekjoqzGmmft,3zY|£}Ueqkv
~tiŁ}AyzÒlkuÔeksU}vks}ÒYtie}tImE}YyzGmptKeeko¯ksflksRt£zY|ftilkØ
}s¡YkskslYti£ØÒwer¦i1}
eqkv9y}sqk³mpkks/}YmØ}z[³Vï¿eqkv9}tØzGl3}¥¡YkskslYtiem}Ye}Ym}ieGiÒVï eqkv
þ$a
Ï9¼½4ÔÄË¼*»ÂÁÃËÔ:½(Õ&ÏÐ/½y»Ñ½Oº`ÁÀ

¼àÒÔ»RÕcÌKÖ_Ái×ZË¼Ô-oÁR»ÂÐnÕ

»ÑËyÔ/.?¹Óº¾ZË1032Gº#ÕcÌ?½*ÎcÒ
1e-05
0.0001
0.001
0.01
0.1
1
0.1 1 10
µ
Normalised wavelength, λ/Λ 
~TWd5ZE\[]
'â)
gÄh~ilkA|Wvx}YrutzGÄ7IazY|©tiekAoqz¥kv
zY|©tilkPksksrutpvzGy/}Glktr¤eksÄRtie}t
moevzYof}G}tlû}Yvs}YmÂ}?|ÖweerutzGûzY|PtieklzYvxy}Yøksú
}s¡Yku
kslYti£
Ł

9h~ilkPeksmGÂmØr}YeelŁ}Yvp,ilzGksmzGn}1tpvx}YlGwe}v}t 
trukYG~ti}Yv,ilzGk
e}YyktpkvxmjÓW|WvzGy tiekqzYtptpzGy }t9}vYkjlzYvxy}Y
øks}¥¡YkskslYtiem6Õjû
ë
Í0ÙPNdl~0û
ë
Í0ÙWQ¢l~0û
ë
Í0Ù Ë¢lvksmpoqksrut¡YksY
h~ilkruzYvkuÔvkGzG*m³|WzYvxyksnanzGytptlètilk1ruksRtpvx}YE}Yvp,ilzGk
ÓWvks}t¡YkseÕI}tmilzYvt}¥¡YkskslYtiemØhjilkjaweykvxr}Yf}o¯kvxtwlvkj~ Ytilkvk|WzYvkYaqk
}¥¡YkskslYtilkoqkselks;te}Ym³~¯tilkU¯ksfelèzGmmpksms
atÔ5y}Y;*mtwf}tzGemPtPmA}tptpvx}Yrut¡Yktpzie}s¡Yk}ÂeqkvAAti*}nruzGemt}YRt
kuù¯ksrut¡Yk
yzÒlkuÔeks3}vxks}ÒQªPm©}Y3kul}YyofkIzGlk9zGweÈYk9}³Yz;zÒyzÒe}YYz[¡Ykvx}o
¯ktOØkksÑtilkjo5weyo
}s¡YkskseYtiÓWtO;ofr}YvSYËÍUey%}¥¡YkskslYti5Õ9}Yetiek~mGe}Y
}¥¡YkskslYtiÓWtO;o5r}YüY"YÍ/ey }¥¡YkskslYti5Õ
Ñ}YvfweyMeqkv
}Yyoffkvs;
zYvxlkv3tpznzYet}YÎ}nYzazaÎruzG;¡YkvxmzGÎzY|Øofweyooqz¥kv3tpzCmGe}YEoqz¥kvsUhjiemAm
o¯zGmxmfkPanwfmlè}eqkv³~ti}/ruzGempt}Y;t
ãyäåä
Ô¡}YwlkY
Òerukﬁ
ãyäåä
zY|yruvz,mptpvxwerutwevksr}YfelÂmptpvxwerutwlvxksmAlzaksm¤lzYtP¯ksruzGykŁl
lkoqkselks;t/zY|Utiek*
}s¡YkskseYti"}tnmxilzYvtnlzYvxy}Yøksû
}s¡YkskslYtifm
Ł

mwer¦i}
eqkv~Kie}¥¡YkÑ}C}vYk/mptpvxwfrutwlvkmøkY=lAEruzGyof}vxks(tpztiek}¥¡YkskslYti£I}Ye
tilkvk|WzYvk¤tilk¤kuù¯ksrut¡YkyzalkuÔfksÑ}vxks}è~lqk¤}vYkYh~iemy/}s/qkPzY|E;tpkvksmpt
|ázYvÂieGiÒÔoqz¥kvÑ}ofofr}tzGfmØilz[Øk¡Ykv¥jtilkmxmwlksmzY|rwlt ÔzùofvzYoqkvtksm}Ye
¯ksfelèzGmmpksm~milzGwenqk3}YelvxksmmpkstpzzYft}Ykß/rks;tjeqkv³lksmGem
OtQie}YmQ}Yvks}Yl3qkmiez¥~Utie}tQ}vYkØ}YvÔfeØ|Wvx}YrutzGemQ3tiekØr}Yefljks}Y
tpz*Ã§³¨QmUtie}tk¡Yks;twe}YÎqksruzGykÂy1wetyzÒlkYv~z[Øk¡Ykv¥9}vYk/r}Yfel}Yvp
þYË
Ï9¼½4ÔÄË¼*»ÂÁÃËÔ:½(Õ&ÏÐ/½y»Ñ½Oº`ÁÀ

¼àÒÔ»RÕcÌKÖ_Ái×ZË¼Ô-oÁR»ÂÐnÕ

»ÑËyÔ/.?¹Óº¾ZË1032Gº#ÕcÌ?½*ÎcÒ
ilzGksm~}Ympzoevz[¡alk}vYkE
ãyäåä
Ô¡}Ywlksm³qksr}YwempkUzY|9}}vYkvP;weykvxr}Y£}oqkvtwlvkY
OtèzGwe£9tiekvk|ázYvxkYqkÂlks}Ytpz(ie}s¡YkC}Îr}YeflÎ}YvpÔflC|Wvx}YrutzGtie}tm
ﬀpwemt~my}YÄkslzGwlGiCtpzÑksemwlvxktie}t~tiekUeqkv~m~mlGku,yzalk}tP}YÄ|Wvks×awlkserksms
meruk*tiemzGweG¡YktiekyzGmt/qkseee?vksmmpt}Y;tÑÃ
§
¨ }tn}Yj|Wvks×awlkserksms
~z[Øk¡YkvsImerukF
ãyäåä
zGe¡}vxksm3¡YkvÎtptkŁAtiÎtilk
}s¡YkskslYtiÄQt3mU×;wetpk
eß/rwet/tpzûlktpkvxy/lkÎ~ilktilkvntilk?f¯kvnmmlGku,yzÒlkzYv*y1wet ,yzÒlk*}t
}(G¡Yks}¥¡YkskslYti£³~ieksútilk}YvÔfe*|Wvx}YrutzGmlks}vÑtiemruvxtr}YjmøkY
¬Aweykvxr}YQmyŁwe}tzGemAmwlYYksmpt¤tie}tPtilkŁeqkvPmAmlGksyzÒlk~ieks
Ü

ë
Í0ÙPN+Y
fwlt©yŁwetyzalkIAilks
Ü

ë
Í0ÙWYa9Ðks}Ymwlvksyks;tmEzGvks}Y;Ã§
¨Km©evx}s~1}tK§vxampt}Y
¨Qevknª¤«YruzGlfvxytilksmpkksmpty/}tpksmØilz[Øk¡Ykv¥ØtmŁks×awe}Y(eß/rwet1|ázYvtilk
kuaoqkvxyksRt}YmptmÄtpz¤lksrlkØkuÒ}YrutU}tEAierxiU}¥¡YkskslYti}PÃ§
¨C~tikY l
Ü

ë
Í0ÙWY/qksruzGyksmPyŁwetyzÒlkYfmxerukG
ãyäåä
¡}vxksmAzGemz[~n~titilkU
}s¡YkskslYti£
¨lzYvUm}|Wkt,YEzGlky}smpt}tpktie}tÃ§³¨QmP~ti
Ü
IH
Í0ÙPN+Y}vkmeGku,yzÒlkŁ}t3}Y
}¥¡YkskslYtiem
Å¤ ù¯kvxksRt³mr¦ilksyksmjy}¥/qk¤wempksÂtpzèk¡Ì}Ywf}tpkPtiekPqksefl1zGmmpksmÏ¤lk¤y}¥
r}Yrwe}tpk1zYv~yks}YmwlvxkU}ruvxtr}Y£qkseelèvx}YfwemÒzYv~zGekUy}swemkU}mptpkol,elku
eqkv}Ye}YzYYú}Yeûr}Yrwf}tpktilkCqkseelzGmmpksmèzY|¤tilkCruzYvvksmo¯zGfel?mptpkol
elkueqkvsÒeruktmÈaez¥~útif}ttilkCGwelksúyzÒlksmvksmpksy1fk*¢3}Ywemm}Y
oevzYfksmsQtifm1mUkuÒoqksrutpkstpzÎG¡YknYzazafer}tzGemzY|jtilknqkseelCzGmmpksmŁzY|
Ã§
¨Km2 x¶PYÍc¸ÔPtilkÎo¯z[ØkvCzGmmnruz;kß/rksRt JAewlkÎtpzúy}YruvzÔqksefl}Ym
r}Yrwe}tpks|ávzGy}èØksÔÈalz[~n|WzYvxy1wf}è|ávxzGy mpt}Yee}v¦eqkv
zYoetrm^
J
ë
r
òﬃÆ
ú
ã
ó
ûLKNM
Óm
3
ÈAOP4Q
RTS

þ
A
Õ
NUVIW Ó
PYX
R
î
S

þ
A
ú
OP
Õ
Ó?NlWQGÕ
~ilkvkwï m~tiek1vks}t¡YkŁelkue ùqkvkseruk1qkt,kksÎtilk1vxk|ávx}Yrut¡YkŁflkuCzY|
tilkruzYvk}YetilkŁr}YeellBóCmAtilkruzYvkèvx}Yewfm#  mPtilkŁezYvxy}Yøkslksr}¥
of}vx}Yyktpkv?tiekÑr}YefllÆ
ã
mtiekÑ}Yyoftwelkruzakß/rks;t1zY|³tilkÂr}Yeel
ksksrutpvxrAeks£aÃm9tilkPoevzYo5}G}tlUoqz[Økv³r}vvxksatilk~|Öweef}YyksRt}YfGwelks
yzaekŁ}Ye¿mAtilkŁrwev¡Ì}twevkUvx}Yfwem~ Pme/tiemAyktilzÒzGlk15eemjtif}tAtilk
y}YruvzYqkseee/zGmmpksmAqksruzGykŁkuÒruksmmx¡YkŁ}tèüY"YÍney }¥¡YkskslYtiûÓÖ}vYkvPtie}Y
üPfÇ³«[ÈÒyÑÕ9|ázYv
Ü

ë
Í0ÙPN+Yae|Tlúkulrukksem³}oeoevz¥Òy}tpksCüÍZ7)?¨KqkvxmØlvx}sAÑ}t
§vÒmpt}Yl¨Kevk
ª¤«YŁmxwlYYksmpt9tie}tItifmKmKelkksŁtilkjyt©Ailkvk
y}YruvzÔqkseee
zGmmpksm³qksruzGyk1}yt}tzGÂtpztilkoqkv|WzYvxy}Yeruk¤zY|Ktilkf¯kv¥
µÑ}Umpt}Yfe}vx/mtpkoÑeekuŁeqkvsRtilk~qkseel3zGmmpksmØ}vkA}vxYkA}tØzGl
}s¡Yku
kslYtiem¯fwltPlksruvks}Ympksm3}YmPtilkŁ|Wvks×;wekseruÓÖ}Ye=
ãyäåä
Õ~mPeruvks}YmpksÄAÃ§³¨QmP}Ympz
ie}s¡Ykn}vYkqkseflzGmmpksmU}t1zGl}¥¡YkskslYtiemImeruktilkkuùqksrut¡Yknr}Yeel
mCruzGempt}Y;t}tzGlú}¥¡YkskslYtiemsª
tmilzYvxt}¥¡YkskslYtiem1ilz¥k¡Ykvsï lku
ruvks}YmpksmCAtitilk(m×awe}vkÎzY|1tiek?}¥¡YkskslYti£¤~iek=
ãyäåä
meeko¯ksflksRtÑzY|
þ"S
Ï9¼½4ÔÄË¼*»ÂÁÃËÔ:½(Õ&ÏÐ/½y»Ñ½Oº`ÁÀ

¼àÒÔ»RÕcÌKÖ_Ái×ZË¼Ô-oÁR»ÂÐnÕ

»ÑËyÔ/.?¹Óº¾ZË1032Gº#ÕcÌ?½*ÎcÒ
tilkn}¥¡YkskslYtiúÃ§
¨KmÎhjilkvxk|ázYvkYﬀJk¡YksRtwf}Y(qkGem1tpzÎeruvks}YmpkÂ~ti
tilkU|Wvks×awlkseruCCÃ
§
¨KmŁÓÖmkkl~TWd¯Z©\Ì]
'âÍ
Õ³zYvAtiek1mptpvxwfrutwlvx}Y©mxøkYcl"mxeruktilk
mptpvxwerutwlvxkmøkmxr}Yksm/lks}vx(AtiútilkezYvxy}Yøks|Wvks×awlkseruYh~TWd5ZE\Ì]
'â 

¶PYÍc¸ØtilkU¯ksfelèzGmmpksm~}tAmilzYvxt³}¥¡YkskslYtiemPyruvxz,mptpvxwerutwlvxkseqkvxm³mj}
vksmwetUzY|tiekÑm}Yyk/kuù¯ksrutŁtie}t1wfty}tpksksemwevksm3tie}tŁÃ§
¨KmUy/}s?qk/y}Ylk
mlGku,yzalk}tU}YK|ávks×awlkserksm©e}Yykstilk/eruvks}YmeÂkuùqksrut¡YkÂr}YeeeÂl
lkuÂ}Ymtilk¤|Wvks×;wekseru/m
eruvxks}Ympks£&µ·¶PQ"SÒ#aÌÍc¸Ät
}Ym³milz¥AÑtif}ttiekAqkseel
zGmmpksm3ofvkserutpksÎ|WvzGy tiem3yzaeksEftm3kuaoqkvxyksRt}YIyks}Ymwlvksyks;tm3zG?qksel
lzGmmksm&OtmxilzGweèqkjyks;tzGlkstif}t9tilk~yruvzÔqkseel¤zGmmksm9zY|qofilzYtpzGer
ruvamt}YEf¯kv¦mAie}¥¡Ykè¯kksoevxkserutpks*tpzÂqkŁzY|ruzGyof}v¦}fkèy}Getweek1tpzntilzGmpk
zY|KmtpkoelkuÂeqkvxm¶Xa üV¸Ô
~TWd5ZE\[]
'âÍ
gÄÇksefl/zGmxmpksmA}YmP}|ÖweerutzGCzY|ItilkŁ}¥¡YkskslYti|WzYvPÃ
§
¨Kmj~ti
tieknRtpkvxiezGkÂfmpt}YerukYl
ë
Ê:Ù þ[7Äyh~ilkÂezYvxy}YøksilzGkÂe
}Yyktpkvs
Ü

mèof}vx}YyktpkvshjiekCrwlv¡YkC}qksksAL y ¨Lmilz[~mtilk
qksefl¤zGmmpksmIzY|£}mt}Yee}vxmptpkoÂelkuŁeqkvI~ti}ruzYvxkjvx}Yewfm
zY|¤üPN+Y[7Äy }Yf?}vk|Wvx}Yrut¡Ykeeku*e ùqkvkserukzY|
ÍÒÆÍlü}t/ü þ7Äy

}s¡YkskslYti£Ø­Uee/¯zYvxvz¥ks|WvzGy¶PQ"YO¸
µ®mlGku,yzalkÎmptpko®elkuf¯kv¦m~tilk(ruzYvxkr}YelzYtqk?y}Ylk?tpzaz}vYk
¯ksr}YwfmpkUtilkŁlzYofe/k¡Yksm~¯ksruzGykUtpzazÂmy/}Y£tpzÂ¯k1}fktpznruzGRtpvxzG jªAmpz/tilk
¯ksfelèzGmmpksm
k¡Yks;twe}YÑqksruzGykkulruksmm¡YkY9µÃ
§
¨Kmltilkyt}tzGÂzGtilk
NGÍ
Ï9¼½4ÔÄË¼*»ÂÁÃËÔ:½(Õ&ÏÐ/½y»Ñ½Oº`ÁÀ

¼àÒÔ»RÕcÌKÖ_Ái×ZË¼Ô-oÁR»ÂÐnÕ

»ÑËyÔ/.?¹Óº¾ZË1032Gº#ÕcÌ?½*ÎcÒ
~TWd5ZE\[]
'â 
gÄÇksefl/zGmxmpksmA}YmP}|ÖweerutzGCzY|ItilkŁ}¥¡YkskslYti|WzYvPÃ
§
¨Kmj~ti
ezYvxy}YøksilzGke}Yyktpkvs
Ü

ë
Í0Ù Ê"Yahjilk;tpkvxilzGkempt}YerukY
lﬁm
o5}vx}Yyktpkvs­Uee/¯zYvxvz¥ks|WvzGy¶PQ"YO¸
y}ÌÒy1wey%ruzYvku,møkAtie}ty}¥Łqk³ksyo5z¥YksÑlkoqkseemKzGtiek~ruzGRtpvxzGezY|qtilkj}Yvp
ilzGksm©}Yf(m3wety}tpks*ytpksa*qkseelÂzGmmpksmÑat Ä}Ym3~Q¯kmiez¥~£
}vYkruzYvkCÃ§³¨Qmèie}¥¡YkCmGefr}YRtè}Yl¡}YRt}YksmsruzGyo5}vkstpz?}vYkruzYvkCmptpko
elkuÂeqkvxm
9¡YksútiezGwlGitilkqkseee*zGmmksmmŁtilkCwety/}tpkÂyt}tzGtpz?tilkruzYvk
møk¤tie}t³mØo¯zGmxmfkAtpzèzYet}YnÂmlGku,yzalkAeqkvxm¤ÓWtiem
ilzGemØtpvxwlkP|WzYv³¯zYti
Ã§
¨Km}Yemptpkol,eekueqkvxm6Õ¦£zGlk/yoqzYvt}Y;t3e ùqkvkserukmtilke ùqkvks;t3}¥
tilk/eqkvxm¯ksif}s¡Yk/Ati?tilkÑ}¥¡YkskslYti£CªPmU}YkuÒ}Yyo5kYQruzGfmlkvŁ}G}Y}Y
kvfwey eqkv~}Yyofekvs ?k1~£}YmmweyktilkUf¯kvAm~lksmxGlksCtpzÂie}s¡Ykè}YmPz¥
¯ksfel?zGmmksm/}YmÑo¯zGmxmfk}tÑtilkCofweyoû}¥¡YkskslYti¿ÓÂSYËÍfyÑÕ¦
tie}tÑm/Øk
~Ä}YmxmweykŁtie}t 
ãyäåä
m~}oeofvzsly}tpksÊaPN}t¤tilk1ofweyo*}¥¡YkskslYti£UÒfruk
¯ksfel~zGmmpksmKeruvks}YmkØ~tiUtilk
}s¡YkskslYti/1mtpkol,elkuf¯kv¦m[tiekØqkseel
zGmmpksm9}tØtilkjmGf}Yl}¥¡YkskslYtiÎÓ üY"YÍUeyÂÕQ}vk~ieGiekvItie}Ytilk³qksefl¤zGmmpksm
}tÂtiekofweyo
}s¡YkskslYtiﬁ|WzYvÂtilk*mptpkoe,elkuûeqkvsh~ilk*yt}tzGzGtilk
ruzYvku,møkÎÓÖlÈYks?tpztilkqkseeenzGmmpksmE~ier¦i(m¤tilk/wfty}tpk/yt}tzGtpz
tilk*ruzYvku,mxøk[Õ¦jmtilkvxk|ázYvktilk*ruzGy1flkslksy}Yeútif}t/tilkCqkseflÎzGmmpksm
Neü
Ï9¼½4ÔÄË¼*»ÂÁÃËÔ:½(Õ&ÏÐ/½y»Ñ½Oº`ÁÀ

¼àÒÔ»RÕcÌKÖ_Ái×ZË¼Ô-oÁR»ÂÐnÕ

»ÑËyÔ/.?¹Óº¾ZË1032Gº#ÕcÌ?½*ÎcÒ
y1wemtÑqkÎ}Yrrukoet}fk?}t?üY"YÍúey }¥¡YkskslYti£P~iekCtilk?ruzYvku,møk?yŁwemptÂqk
mwlß/rks;tÂmy}Yqtpzksfmwlvk3tilkUeqkv
mjmlGksyzaekP}tCSYËÍey-
}s¡YkskseYti£
ÅPksmGeePtiek³kvfweyÁeqkvI}YyofekvI}YmI}3Ã§
¨tiemKr¦ie}YlYksmevx}Yy}tr}YY
¬~z[zGlkjy}¥ie}s¡Yk
ãyäåä]\
Ê:ÙPNU}t¯zYtiètiekjofweyo}YetilkjmGe}YÒ
}s¡YkskslYtiem
hjiem~ØzGweG¡Ykè}/Ã§³¨ú~ti*}Ykuùqksrut¡Ykèyzaeku,}vks}Òqtie}tAmA}YyzGmptAks×;wf}Y
}vYk}t3qzYti*
}s¡YkskslYtiemŁ¨ewlvtilkv¥¯tiekŁqkseflÑzGmmpksm¤}t¤tilkmGe}YQ
}s¡Yku
kslYtiØzGweûqk*z[ØkvÂtie}Ytilk¯ksfel(zGmxmpksm/}tntilk*ofweyoû
}s¡YkskslYti£
merukAtilk~qkseelzGmmpksmzY|ÄÃ§
¨Kmlksruvks}YmpkP~ti/tilk~
}s¡YkskslYtintilkAvkGzG
~ilkvk 
ãyäåä
m}YyzGmpt³eeko¯ksflksRtIzY|EtilkP}¥¡YkskslYti£h~ilkAvxksk¡Ì}Y;t
lksy}Yeem
zGtilk~Ã
§
¨*mGtilkvk|WzYvkYa}¤eqkvItie}tmImlGksyzÒlk
}t9tilk³ofweyoŁ
}s¡YkskslYti£
}YeÂ~ier¦iÑ}Ymzèif}Ym}Yrrukoft}fk¤qkseel1zGmmpksm³}t
tilkPofweyoÂ
}s¡YkskslYtiÄ9Ot³m
ruzYvvksmpoqzGeelGoqzGmm5ktpzClksmGÎtilkÃ§
¨~tiÎ}n}vYkvruzYvkuÔvxkGzG?tie}Y
tilkruzYvvksmo¯zGfelÎmptpkol,flkueqkvsØmeruknzGlkez;ksmlzYtÑlkksútpz(lksmG|ázYv
}Yrrukoet}fkqkseel/zGmmksmA}t¤tilkmGf}Y©
}s¡YkskseYti£U¨ewlvxtilkvxyzYvkYqzGlkèy}¥
zYet}Y/}¯ktptpkvØz¥¡Ykvx}o/qkt,kks/tiekjofweyo}Yftilk~mGe}Y Rmeruk³tilk~ruzGemt}YRt

ãyäåä
Ô¡}Ywlk~ruzYvxvksmpoqzGeemtpz1}YÂ}YyzGmptruzGfmpt}YRtkuùqksrut¡Yk3yzaeku,}vks}ÒÄOtmilzGwe
¯kèlzYtrukstie}t¤tilksmk1oqzGmmfkU}Yl¡}Y;t}Yksm3|ázYv¤kv5wey}YyofekvPÃ§
¨Km¤ruzGyk
}ttilkruzGmpt/zY|P}(z¥kv/;wfykvxr}Y³}oqkvtwlvxkC}ttilkofweyo
}s¡YkskslYti£jmfruk
tilk3}vYkv³ruzYvkmy}Ylk¤oqzGmm5kjaÑ}èmy}YkvØvks}t¡Yk¤kuù¯ksrut¡Ykelku/mptpkoÄ,ï
¯ktOØkkstilkUruzYvk1}Yetilkr}Yfell
Aie}¥¡YkrxilzGmpksÎtpzCmtpvksmmPtiemAoqzGRt¤mfrukŁt¤ie}Ym£}t¤tyksms¯qkksÎlksmruv¦qks
}YmA|KÃ§³¨Qm~zù¯kv¤}
}sCzY|Kvksk¡alètilkUqzGeqktOØkks*ruzYvku,møkè}Yeqkseel
zGmmpksm,¶ N+SO¸ÔÑhjifm¤mlzYtUmzlQmeruktilkyzÒlku,mie}oqkmUlks}vè¢¤}Ywfmm}Y?(¯zYti
Ã§
¨Km~}YfCmptpkol,flkuÂf¯kv¦m
tilkqkseeeèzGmmjy/t}tzGy}ÈYksmP}YyzGmpt~ks×;we}Y
kuù¯ksrut¡Yk*yzaeku,}vks}YmoqzGmm5kYKvx}tilkvtilk}Yl¡}YRt}Yksm/zGúruzYvku,møkzY|PÃ§
¨Km
}vklÈYksútpz}s¡YzGfl(tilkoevzY5ksymzY|3¡Ykvûmxy}Y~ezYof}YRtÂk¡YksmÎÓWtilkvka
}s¡YzGelUoqzGmmfkjrwemtpkvxlo5ilkslzGykse}RÕ¦9ªPmpzŁÃ§
¨Kmie}s¡Yk3lz[¡Yks¯}¥¡YkskslYti
lkoqkselkserksmÑtie}tCmpzGyk?r}Ympksmy}szù¯kvCmGefr}Y;tû}vYkvCruzYvxku,møksm
hjiemnmneÈYkstpzútiekoqzGmmxft,zY|1}úlks}v
}s¡YkskslYtieeko¯ksflksRt3
ãyäåä

¡Ì}YwekY
}Yfú|WwevtilkvG¡Yksm/tilkoqzGmmxft,?zY|3}(YzazayzÒe}Y³z¥¡Ykv¦}oqkt,kks
kY lofweyo}YfúmGe}Y³f¯kv}Yyofekv¦m9meruktiekkuù¯ksrut¡YkyzÒlku,}vks}(m
wety}tpksÑeÈYksntpztilkUruzGy1fe}tzGnzY|QtiekruzYvku,møkŁ}Yeﬃ
ãyäåä

Ï¤lkA|WwlvxtilkvØ}Yl¡}Y;t}YkPzY|Eweml1Ã§
¨Km}YmØ}vxYku,ruzYvk3mlGku,yzalk~eqkvxmRm
tie}t³tilk¤}¥¡YkGwelk3YvxzGwlon¡Ykszart,nempoqkvxmzGzY|E}vxYku,ruzYvkÃ§
¨Km³moqzGmt¡YkY
~iek³tiek~
}s¡YkGweekAYvzGweo/¡YkszÒrt,fmpoqkvxmzGèzY|Ä}vYku,ruzYvk¤mptpkol,eekuèf¯kv¦m
m9lkG}t¡YkYØleruk³tilk~y/}tpkvx}YeempoqkvxmzGŁ}t~üY"YÍŁey¿}¥¡YkskslYtiÂmIoqzGmt¡YkY
tiemèyofksmtie}tètilknYvzGweo¡YkszartOempoqkvxmzGzY|~}vYku,ruzYvkCÃ
§
¨Kmè~qk
yzYvk3oqzGmt¡YkÓÖ}Yeie}s¡YkU}yzYvk3oqzGmt¡Yk3mzYoqk[Õtie}Ytiek3YvzGwlo¡YkszÒrt,nemp
o¯kv¦mzGzY|E}vYku,ruzYvk3mptpkol,elkueqkvxmKhjiemG¡YksmtilkPo¯zGmxmft,1zY|£vksewere
lzGeeks}vAkuùqksrutm¤vks}tpksÎtpz}Âlks}v3økvzempoqkvxmxzGk¡YksÎ|ÖwlvtilkvP~tiÃ§
¨Km
NRÊ
Ï9¼½4ÔÄË¼*»ÂÁÃËÔ:½(Õ&ÏÐ/½y»Ñ½Oº`ÁÀ

¼àÒÔ»RÕcÌKÖ_Ái×ZË¼Ô-oÁR»ÂÐnÕ

»ÑËyÔ/.?¹Óº¾ZË1032Gº#ÕcÌ?½*ÎcÒ
ªAmzl9lzGeeks}vxtksm3vxks}tpkstpzlzYo5}YRtèy}tpkvx}YmŁy/}s(qkÑ}¥¡YzGlksúÃ§
¨Km
merukÃ
§
¨Kmjy}snqky}Ylk3AtilzGwlt³tilkwfm}YkzY|I}YRnlzYof}Y;t~y}tpkv¦}Ym
µn~TWd5ZE\[]
'â
 mjlkofrutpksntilkUruvzGmmp,mpksrutzGCzY|I}ÃØilzYtpzGerU§
vamt}Y£¨Q¯kv
lksmGlkstpz?ie}s¡Yk}Î}vYknruzYvkn~iekvksy}YelmxlGku,yzÒlkYhjilknruzYvku,møk
mÑ}ofoevzsly}tpksüY[7Äyj~iektilkkuù¯ksrut¡Yk?yzÒlku,}vks}mÑksmpty}tpkstpzqk
}oeoevz¥Òy/}tpksüÍYÍZ7Äy
ú
vµyoevksmm¡YkŁfGwlvksmÄtif}tvk¡Yks}YItilkÑmpÈaQzY|³§vxampt}Y
¨Qevk*ª3«Y;ètilkÎyt}tzGûzGtilkruzYvxku,møk?mÑtilk*qksefl(zGmmksmÂ}YflzYt
eß/rwetksm9~tiÑtiek¤ruzG;tpvzGqzY|©ezYof}YRt³k¡YksmlmerukPtilk¤eqkvmØy}Yawl|Ö}Yrutwlvks
~tilzGwlt³tiekRtpvxzaewfrutzGnzY|Q}Y;lzYof}Y;t~y}tpkvx}Y 
~TWd5ZE\[]
'â

gÄª ofrutwevknzY|A}?}vYkCruzYvxkyruvz,mtpvxwerutwlvkseqkvèoevzÒeweruks}t
§
vamt}Y¯¨KfvkPª3«Y¯lhjilk¤ruzYvke}Yyktpkv³m
}oeoevz¥Òy/}tpksüY[7Äy
h~ilkeqkvmèoevzÒeweruksúwfml?}?mpt}YrxÈû}Yeúofwetpksr¦iee×awlkw¶ üsËc¸Ô
­Uee/¯zYvxvz¥ks|WvzGy §vÒmpt}Y£¨Kevxk¤ª3«Y
hjilkÎtpzYofrÎzY|ŁlzYof}Y;tmCﬁyruvxz,mptpvxwerutwlvxksf¯kv¦mÂif}Ymy}Yeúqkks"}YÒ
lvksmmpksqksr}YwempkÂzY|³tilkÂo¯zGmxmft,*zY|~}|Öweef}YyksRt}YØyzÒlkÑrwlt Ôzùx¶XaÊO¸Ô)¶Xaþc¸Ô
µk~TWd¯Z©\Ì]
KâÍ
m³miez¥~ntilk3kuùqksrut~zY|KlzYofl1tiekruzYvkvkGzGn|WzYv~}èeqkv
~ti
}1r}Yfel}Yv
ilzGkPe}YyktpkvØzY|Tû
ë
Í0ÙWQ¢l~Øhjilkjofwevofkjrwlvx¡YkPmiez¥~mC
ãyäåä
}Ym}
|WwefrutzGŁzY|5tilkjezYvxy}Yøks1
}s¡YkskslYti/|ázYvItiekjr}Ympk³~ilkvk³lzezYofl¤y}tpkvx}Y
m¤RtpvxzaewfruksCtpzntilkruzYvkèvkGzG£C Rtpvxzaewfrl/kY lE¢¤kvxy}Yewfytpznvx}Ymk1tilk
ruzYvkelku(aÍÒÆÍlüntilknGi;tŁfwlkÂrwlv¡YknmŁzYet}Ylks£?ªPmè}Ykuù¯ksrutF
ãäåä
lz
NRþ
Ï9¼½4ÔÄË¼*»ÂÁÃËÔ:½(Õ&ÏÐ/½y»Ñ½Oº`ÁÀ

¼àÒÔ»RÕcÌKÖ_Ái×ZË¼Ô-oÁR»ÂÐnÕ

»ÑËyÔ/.?¹Óº¾ZË1032Gº#ÕcÌ?½*ÎcÒ
zGlYkvj}oeoevxzG}Yrxilksm³}èruzGempt}Y;tj¡}YwlkYÒruzYvvksmpoqzGeflUtpz}Łeqkvtie}t³~eGweek
}Yû}vftpv¦}v}vYkCawey1qkvŁzY|PyzÒlksm}Ymtilk
}s¡YkskseYtiyz[¡Yksm}oeoevzG}Yr¦ilksm
økvzltAz¥k¡Ykvs;tpvzÒewerekY lnfwlzYv¦lktpzÎz¥kvŁtilkÑruzYvkneekuÎa(ÍÒÆÍYÍGÊ
ÓWfwlkPrwlv¡Yk[Õ¦lÍÒÆÍYÍ$YÓWvksnrwlv¡Yk[ÕzYv
ÍÒÆÍlüÓWYvkks5ÕØrwlv¡YkPtilkPeqkvzYet}Yfm}1evxmt
zYvxlkvrwltpzù"}tèmxilzYvtŁ}¥¡YkskslYtiemmeruk^
ãäåä
lvxzYofmŁ¯ksz¥ýøkvzlwAz¥k¡Ykvs
lzYtruktie}tA}of}tpks}YwzY|K}YyzGmt~ruzGempt}Y;t_
ãä¬ä
¡Ì}Yweksm³kuÒmptjntilksmpkUeqkvxm
ª`
ãyäåä
¡Ì}YwekCtie}tÑm/eeko¯ksflksRtèzY|3tilk}¥¡YkskslYtiﬁruzYvvksmpoqzGefmtpz}
yzaek³eksèruvzGmm ,mksrutzGtie}t9mI}YyzGmpt9flkoqkselks;tEzY|¯tilk³
}s¡YkskslYtiÓÖ}of}vt
|ávzGyýtiekPksekvYÑks}¥¡al1tiek¤}Yv
iezGksm
}tjmilzYvtpkv

}s¡YkskslYtifm¦Õ¦Øª®tilkzYvktr}Y
tpksmpteqkvÑ
}YmPtilkvk|WzYvkY¤r}Yrwe}tpks"wloqzGtpzûmpkk?|U}Yzazaﬁz[¡Ykvx}oruzGwe
¯kè|WzGwee|WzYv¤mxwerxi?}neqkvPqkt,kks?tilkèofweyoÎ
}s¡YkskseYtiÓÂSYËÍCeyÑÕ~}YeÎtilk
mGe}Y}¥¡YkskslYtiÓ üY"YÍ?eyÑÕ3zY|j}Y9vfwey }YyofekvshjilkÑzGe(eù¯kvksfruk
|ávzGy tilk¤mpt}Yef}vxnlksmGÑ}Ym
}èlksruvks}YmksÂelkuzY|Ätilk¤f}YrxÈ;YvxzGweeny}tpkvx}Y
lks}v1tiekÑruzYvkÑvkGzGÓÖz¥kvksa(ÍÒÆÍ$YGÕ¦hjiek/r}Yrwe}tpksz¥¡Ykvx}o
}YmU|WzGwee
tpzÂqkqktptpkv¤tie}YoS"Sa Ë$a\úÂÄmilz[~lÑtilkUoqzYtpks;t}YEzY|9tilksmpkŁeqkvxm³|WzYv39vfwey
}YyoffkvxmªPmpzCtmUlzYtruks?tie}t1tilk
}s¡YkskseYtivkGzGem3~ilkvxk}of}tpks}Yw
zY|Ø}YyzGmt¤ruzGfmpt}YRt
ãyäåä
Ô¡Ì}Ywlksm¤lkoqksezGtilklzYo5lÑk¡Yks hjilkvk|WzYvkY£zGlk
y}s?tweektilk/ruzYvkÂmøka?tweelntilkÑlzYo5lCk¡Yksms| ?zYvÈ(m1weelkvx}¥*tpz
R¡YksmtG}tpkUtilksmkUmptpvxwerutwevksm
|Wwevtilkvs
0.1
1.0
0.1 1.0
V
ef
f
Normalised wavelength, λ/Λ 
~TWd5ZE\[]
'âÍ
gÄh~ilkfwekseruk1zY|
lzYoflÑtiek/ruzYvkvkGzGÄ4
ãyäåä
m3mpkks?tpz*ie}s¡Yk
}Yn}YyzGmptØruzGemt}YRt
¡}Ywlk~qk|WzYvk¤tØlvxzYofm9tpz[}vxnøkvxz1~ieks/tilk
ruzYvxkŁmPlzYoqksCtpzn}Âz¥kvAvxk|ávx}Yrut¡YkŁflku¯jh~iem~m~}YyzGmtAlks}Y
|WzYv~}Yyo5ekv
ofwlvxo¯zGmksm
N"N
Ï9¼½4ÔÄË¼*»ÂÁÃËÔ:½(Õ&ÏÐ/½y»Ñ½Oº`ÁÀ

¼àÒÔ»RÕcÌKÖ_Ái×ZË¼Ô-oÁR»ÂÐnÕ

»ÑËyÔ/.?¹Óº¾ZË1032Gº#ÕcÌ?½*ÎcÒ
!fÙ!
#Ý=4 D ßbaE!6(4
1 àyÞ Ö -<Bß,9Ý=<(4;
hjilk3YvzGwlo¡Ykszart,empoqkvxmxzGÑm
G¡Yks}Ym^
o pû
ë
õ
£
ï
¤

ú
Ó 
z
Õ
:£
ú
Ó?NlmaYÕ
hjilkvk|WzYvkC|
â

  c 
â
Ł
 d
ÍÎtieksútilkCYvzGweoû¡YkszÒrt,empoqkvxmxzGmlkG}t¡YkY
~iek¤tilk3YvxzGwloC¡YkszÒrt,empoqkvxmzGÂm
oqzGmt¡Yk|
â

 
c 
â
Ł
fe
ÍÒ
µ·ATád¯Z©\Ì]
'â
¢m¤miez¥~Îtilkr}Yeelneeku*}YetilkyzÒlkelku*zY|Øtilk
|Wwefe}Yyks;t}YØGwflksyzaekÑzY|~}ÎÃ
§
¨®Ati
Ü

ë
Í0ÙWQahjiekÂ}ev¦wloetŁvxmeCzY|
tilkPyzalkAelkuzY|£tilkPGwelks/yzaekAmØ}YmmpzÒr}tpksÂ~ti/}YÂwloa}v¦/rwlv¡}twlvkY
ruzYvvksmpoqzGeel1tpz}èlkG}t¡YkYvzGwlo¡YkszÒrtOÑemo¯kv¦mzG£Qhjiem
m
n}Yvkksyks;t
~titilkUeksnqkslzÒr}YøksntpzÑtilkUieGielkunmr}ruzYvxkY5}YrruzYvxeltpz/tilk
kuaoevxksmmzGÎ|WzYvtilkYvzGweo?¡Ykszart,zY|}nGwelks?yzÒlkY©mfrukŁtifm¤ruzYvvksmpoqzGeem
tpz/}z[ØkvAYvzGwloC¡YkszÒrtO/^8
	
ë
ï
¤
¡
~
9
:
Óôì¥íH¦Õpé¬dKÆ
9
:
ø-ôì¥í
¦
KÆ
Ó?Nl ËGÕ
Ç(ruzGyof}vxen~TWd5ZE\[]
KâÍ
~tiw~TWd5ZE\[]
'â
¢?tUm3mkks(tie}t1tilkGwelks
yzaekzGeie}YmA}/mGffr}Y;tjoqzYvtzGzY|ItilkUkslkvYkez[~l/tilk1}YvpÔvkGzGem
~ilksntilk¤
}s¡YkGweekYvzGwlon¡YkszÒrt,nemo¯kv¦mzG/m³lkG}t¡YkYª
t~mxilzYvtpkv³
}s¡Yku
kslYtiemètilknYvzGweoú¡Ykszart,Ytilkvk|WzYvkYqksruzGyksm}YyzGmptoevzYoqzYvtzGf}Ytpz?tilk
yzaek*eeku¯
8
	
\
6
»

êë

z
zY|3tilkCGwflksyzalkY³ruzYvvxksmpoqzGeel?tpz}(oqzGmt¡Yk
YvzGwlo?¡YkszÒrt,Îemo¯kv¦mzG£hjifmAm3Î}Yvkksyks;t~titilklz[~;}vx?rwev¡Ì}Ì
twlvkzY|PtilkCyzÒlkelkumkksû.~TWd5ZE\[]
Kâ
¢}Ye|Öwlvtilkvksemxwlvksmètie}ttilk
yzaekCelkuez;ksmezYteruvks}Ympktpz¡Ì}Yweksm}¯z[¡YkCtilkCvxk|ávx}Yrut¡YkCelkuzY|Atilk
f}YrÈaYvzGweey}tpkvx}Y emxr}Ò&µtjr}YCqk3milz¥Atie}t

	
õ

ß
ü
\
ß
ü
õ
z
ntilk
yt1~ilkvkÂtilknlzYvxy}Yøks
}s¡YkskslYtiû}oeoevxzG}Yrxilksmètilknvk|Wvx}Yrut¡Ykflku(zY|
mr}Òl~kvxk

	
lkslzYtpksm3tilkYvxzGwlo(elku*zY|ØtilkGwflksÎyzÒlkYŁh~iem¤m3wem 
tpvx}tpks,~TWd5ZE\[]
Kâ
¢5Òfwlt
y}sÑ}Ympzèqk~vks}YøksÑa/ruzGemxlkvxetilk¤|ázGz¥~l
kuaoevxksmmzGem^
8
ä ë
ï

z
8
	
\
ï

ú
ß
ü
¡
~
5Ó
8
ä
Õ
¯Ó 
z
Õ
ë
õ
ï
Ó 
z
Õ
ú
N+Y
Ï9¼½4ÔÄË¼*»ÂÁÃËÔ:½(Õ&ÏÐ/½y»Ñ½Oº`ÁÀ

¼àÒÔ»RÕcÌKÖ_Ái×ZË¼Ô-oÁR»ÂÐnÕ

»ÑËyÔ/.?¹Óº¾ZË1032Gº#ÕcÌ?½*ÎcÒ
1.28
1.3
1.32
1.34
1.36
1.38
1.4
1.42
1.44
1.46
1.48
1.5
0.1 1 10 100
M
od
e 
in
de
x,
 β/
k
normalised frequency, Λ/λ
~TWd5ZE\[]
'â
¢5gÄh~ilkÑyzÒe}Yelku?zY|³tilkÂ|Öweee}Yyks;t}YyzalkÂzY|j}Ã§
¨"Ati}
r}Yeel(}Yv/ilzGkf}Yyktpkv/zY|3ÍÒWQ¢lAhjilkCo5ie}YmpkflkuzY|3tilk
GwflksUyzalk¤ÓWYvkksŁrwlv¡Yk[Õ¦YtilkØYvzGwloèelku¤zY|etilkØGwelksyzalk
ÓWvxksrwlv¡Yk[Õ³}Yetilk|Öweef}YyksRt}Y©r}YeeeèelkuÂmjmilz[~C}Ym~}
|ÖweerutzGnzY|QtieklzYvxy}Yøksn|ávks×awlkseruY

ŁK
5Ó
8
	
Õ
5Ó

z
Õ
\
ï

ú
ß
ü
Ó?NlWSGÕ
Ó?NlüÍRÕ

z
k¡YksRtwe}YŁ}ofoevzG}Yrxieksm

ß
ü
Ihjilkvk|WzYvkYR}Ympz
â

>


â
V c\
k¡Yks;twe}Yè}oeoevzG}Yr¦ilksm
õ
â

>


â


cd
ÒerukU¯zYti*tilkŁYvzGwlo?eeku}YftilkŁofie}YmkŁflkuC}oeoevzG}Yr¦ilksm

ß
ü
}t
milzYvtezYvxy}Yøksè
}s¡YkskslYtiemØØk~}vxk~kstpztiek~}qz¥¡YkAmt}tpks/ruzGerwfmzGètie}t

	
õ

ß
ü
\
ß
ü
õ
z
}tAmxilzYvtjlzYvxy/}Yøksn
}s¡YkskslYtifm
¨lzYv}mptpkoúelku(eqkvsQtilkÂ|Wwfee}Yyks;t}YGwflksyzalkÂ~9}YmpzÎempo5}s
}YlzGy}YzGwem9}¥¡YkGwelk~fmpoqkvxmzGÄÌilz[Øk¡Ykv¥;tilk³f¯kvK~a¯k³yŁwetyzalk~ilks
tilkØ|Öweef}YyksRt}YayzÒlkØif}YmE}YlzGy/}YzGwemQ}¥¡YkGwelk
emo¯kv¦mzG£Ähjiek|Öweee}Yyksl
t}Y5yzÒlkP}ŁmptpkoÂelkuèeqkvØyŁwemptØfmpof}¥Ł}YezGy}YzGwem}¥¡YkGwelk¤empoqkvxmxzG
~ilkstilkezYvxy}YøksnofvzYof}G}tzGCruzGfmpt}YRt¯ÇPf}oeoevzG}Yr¦ilksmUüc^
g
ë

z
õ

6
#

6
õ

6
#
Ó?NlüYü¥Õ
 ieksÇ$}oeoevxzG}YrxilksmèüÄilz[Øk¡Ykvs£tiek1eqkv¤mPy1wetyzÒlkY: *}nÃ
§
¨5tilk
N+Q
Ï9¼½4ÔÄË¼*»ÂÁÃËÔ:½(Õ&ÏÐ/½y»Ñ½Oº`ÁÀ

¼àÒÔ»RÕcÌKÖ_Ái×ZË¼Ô-oÁR»ÂÐnÕ

»ÑËyÔ/.?¹Óº¾ZË1032Gº#ÕcÌ?½*ÎcÒ
}YlzGy}YzGwem¤
}s¡YkGwflkemo¯kv¦mzGCm¤lzYt3evksrutlÈYkstpzCÇ$}oeoevxzG}Yrxieeü
vx}tilkv³t
mtiekAvksmxwetzY|©tilkPyzalkPelkuqT
z
}oeoevzG}Yr¦ielŁtilkPvk|áv¦}Yrut¡YkPelku
zY|ÄtilkAruzYvxkuÔvkGzG£9ªPrutwe}YYÒr}Yrwe}tzGemmxilz¥tie}t
Çlk¡Ykv
}oeoevzG}Yr¦ilksm¤ü~
Ã§
¨Km
tie}tj}vkmxlGksyzÒlk¤}tj}Y¯}¥¡YkskslYtieml¶PQ"QO¸Ôeks}Yel1tpztiekruzGerwemzG
tie}t}mtpkoelku}Ye}YzYYy}¥qkwfmpksk¡Yksﬁtpzúkuaof}Yiez¥ Ã§
¨Kmny}¥
empof}sÑ}YezGy}YzGwem³
}s¡YkGwflkUempoqkvxmzGÂmeGksyzÒlk¤eqkvxm
hjie}t3Ç$lk¡Ykv}oeoevzG}Yr¦ilksmüèy}s*qkŁmpkks|WvzGy ~TWd5ZE\[]
'âÍ
}Yeo~TWd¯Z©\Ì]
'â&%
tµ ~TWd5ZE\[]
KâÍ
mUmilz[~tilkÑr}YfelCflkuÓWYvkksrwlv¡Yk[Õ¦KtilkÑyzalk
elkunzY|Itilk|Öweee}YyksRt}Y©GwelksCyzalkÂÓWfwlkrwlvx¡Yk[Õ³}Yetilkkuùqksrut¡YkŁelku
zY|Ä}UilzGlkÒruzGy1Âmptpv¦werutwlvk~ruzYvxvksmpoqzGeeePtpzŁtilkPruzYvk~vkGzG*ÓWvksÑrwlv¡Yk[Õ¦ØÏ¤lk
y}sCzGelkv¥5|Ktilk1vksrwlvx¡YkUzYvPtilkUvk|Wvx}Yrut¡YkŁelkuzY|9mr}èG¡YksmAtilkUqksmpt
}oeoevz¥Òy/}tzGûzY|3tilk*ruzYvk*vxkGzG£³meruktilk*yzÒlkelkutpkseûtpz[}vxtilk
ilzGlkÒruzGyU®elku}YmCtilk?|ávxks×;wlksfrumfruvks}Ympks ÓÖt}Ympzútpksfﬁtpz¥
}vxtilk
vk|áv¦}Yrut¡YkUeekuÑzY|Imr}ÒÒ}Ym~emrwemxmpksnks}vxkvuÕ¦
hjiemUmU;¡YksmptG}tpksw~TWd5ZE\[]
Kâh%
I~ilkvk/tilkÑlzYv¦y}Yøks?ofvzYof}G}tzG
ruzGempt}Y;t¤Ç®m~miez¥~*}YmP}/|WwferutzGCzY|ItiekUkuùqksrut¡Ykè|ávks×awlkseruYi
ãyäåä
jh~ilkUvks
rwlv¡YkUmiez¥~m³tiek¡Ì}Ywlksm³|WzGween|WzYv~tilkyruvz,mptpvxwerutwevkseqkv³~ilks}Ymxmweye

6
ë 
ß
ü
}Yf(tilk/ruzYvxkvx}YewfmCó
ë
lAÑhjilk}YvxkksyksRtŁ~ti(tilk/mptpkoelku
eqkvU~ti}*vk|áv¦}Yrut¡YkÂr}Yeel*elku?tie}tè¡}vxksmŁ}Ym1tiek/kuùqksrut¡YkCr}Yeel
elkuŁzY|5tilkjÃ
§
¨úÓWYvkksrwlvx¡Yk[ÕKmKvx}tilkvIoqzazYvs&~z[Øk¡YkvsÒrxiez;zGmleó
ë
Í0ÙWY Ë¢l
|ázYvAtilkofilzYtpzGfr3ruvÒmpt}Y£eqkv1ÓWf}YrÈrwlv¡Yk[Õ
}Yz;zÒ}YvkksyksRtPm³|WzGween~ti
tilkUmptpkoelkuÑf¯kvj}Yf}YzYY(ÓWYvkks5Õ¦
Òerukﬃ
ãä¬ä
zGevks}Yrxilksm/fetpkn¡}YwlksmúÃ
§
¨KmØÇ-ez;ksmlzYteruvks}Ympktpz
zGlk}Ym¤tilkè|ávks×awlkseruzY|ØGi;t¤m¤eruvks}YmpksÄq}Ym3tAzGweÎ}nmptpko(elku*eqkv
}Ye}YzYYYØh~iemm
oqzGmmfkAmfrukAqzYtintilkr}YfelŁelkuÑ}YfntilkyzÒlkPelku
tpkseŁtpz¥
}vx

ß
ü
}YmQtilk
}s¡YkskslYtiètpksfemQtpz¥
}vxŁøkvzlR}Ye1tilkvk|WzYvktilk
¡Ì}Ywek
zY|jÇ y}s?tpksf(tpz*}Y;?¡}Ywlkqkt,kksÍ}Yeü¥~TWd5ZE\[]
Kâh%
miez¥~mUtie}tUa
rxilzazGml1tilk~ofvzYoqkvØruzYvkPvx}Yewfm9ÇútpkseÑtpzUtilkP¡}YwlkjkuÒoqksrutpks/|WvzGy mpt}Yee}vx
mptpko*flkuÑtpksr¦ielzGzYYY
§
ilzazGml1tilk¤ilzGlkÒruzGyUeeku}Ymtilk¤ruzYvk¤elku*Ó?ó
ë
l³Õ9tiek~fwekArwlv¡Yk
m¤zYet}YlksÄŁhjiekŁ¡}YwlkèzY|
Ç¿lz¥ tpkse(tpz¥
}vxûüè|WzYvUmy}YkvP¡}Ywlksm¤zY|C
ãyäåä

ilz¥k¡YkvsYzGlkr}YelzYtQvksyksl¤tilkrwlv¡YktpzAetE}Amptpko1elku}Ye}YzYY3a3rxilzazGml
}Ł}vYkv³ruzYvk¤vx}Yewems_ ?k3}vk¤|WzYvxruksÂtpzruzGerweek~tie}t
tilk¤qksmptvkoevksmpks;t}tzG
zY|ftilk
kuùqksrut¡YkjruzYvkjeekuUmKelkks1tilk
vk|Wvx}Yrut¡YkjeekuzY|5mr}~Ł}Yvkksyks;t
~tiCtiek1zYfmkv¡Ì}tzGCtie}tPtilk1yzae}YEkslkvYCm~mtwf}tpks*tilk1ruks;tpvx}YKmr}
vkGzGè}tQmxilzYvt©
}s¡YkskslYtiem9hjifm©mE}G}YèU}YvxkksyksRtIAtitilkfefl³tie}t
Ã§
¨Kmr}Yûempof}¥(oqzGmt¡YkÂ}¥¡YkGwelk*empoqkvxmzG(~iek/qkslÎmeGkÂyzalku
¯zYtintiek3¡Ì}Yweksm
zY|QÇﬁ}Yeﬃ
ãä¬ä
}vkUmwlßÑrksRt/ytpks/tpz/y/}ÈYktiemoqzGmm5kY
hjiemlz[¡Yksqo¯zGmxmft,ŁzY|E}YlzGy/}YzGwem}¥¡YkGwelk3empoqkvxmzGÑmlGkAyzalk
eqkvxmÄie}YmQyoqzYvt}Y;t©yo5r}tzGemsÄªúmlGk9yzalkmptpkoèelku3mr}
f}Ympks1eqkv
Nba
Ï9¼½4ÔÄË¼*»ÂÁÃËÔ:½(Õ&ÏÐ/½y»Ñ½Oº`ÁÀ

¼àÒÔ»RÕcÌKÖ_Ái×ZË¼Ô-oÁR»ÂÐnÕ

»ÑËyÔ/.?¹Óº¾ZË1032Gº#ÕcÌ?½*ÎcÒ
1.3
1.32
1.34
1.36
1.38
1.4
1.42
1.44
1.46
0 1 2 3 4 5 6
M
od
e 
in
de
x,
 β/
k
Normalized frequency, Λ/λ
Core index
Cladding index
Fundamental mode
Honeycomb index
~TWd5ZE\[]
'âÍ
gÄh~ilk/yzÒe}Y9flkuzY|³tiek/r}YeelCmptpvxwerutwevkY©tilkÑGwelks?yzalk
}Yf?tilkÑruks;tpvx}YØilzGlkÒruzGyU}Ye}YzYY?}YmU}|WwefrutzGÎzY|
tilk/lzYvp
y/}Yøks|Wvks×awlkseruY9­feqzYvvz[ØksC|ávzGy ¶Xa}N"¸
~¯}Y
}sÒmjie}s¡Yk}ekG}t¡Yk3YvzGwlo¡YkszÒrtOÂempoqkvxmzG|WzYv³
}s¡YkskslYtifmjqksz¥
ü þ[7)?EmfrukŁqzYtiÎtilky/}tpkvx}YIemo¯kv¦mzG}YeÎtilk
}s¡YkGweek/empoqkvxmxzGm
lkG}t¡YkYU PmlÂ}ÑÃ
§
¨£t~qksruzGyksm¤oqzGmmfk3tpzlksmG}Âeqkv~~tioqzGmt¡Yk
}¥¡YkGwelkŁempoqkvxmzG/tie}tjy/}snqkwempksntpz/ruzGwe;tpkvx}YrutPtilklkG}t¡YkŁy}tpkvx}Y
empoqkvxmzG£©tiawemŁzù¯kv¦ltilkÑoqzGmmxft,zY|jeqkvxmAtieks}vpÔøkvz?empoqkvxmxzG
}t/milzYvt
}s¡YkskslYtiemt¶ NRþc¸Ôh~iemèm;tpkvksmptelqksr}YwempkC}?lks}v/økvz(YvzGwlo
¡Ykszart,empoqkvxmzGÎm1}Y}Yl¡}Y;t}YkÂ|WzYvè;weykvzGwemUezGelks}vUoevzÒruksmmpksmUmxwerxi
}Ym~¨lzGwlvG (}s¡YkÐÒe}YeCmpzGtpzG|ázYv¦y}tzG£¬AzGÒ,lks}v³oevzÒruksmmpksmA}vkUyzGmpt
kß/rks;tI~ilksŁtilk³ruzYvku,møksmI}vxkjmy}YqÓÖruzYvvksmpoqzGefl~tpzmxy}Y;kuù¯ksrut¡Ykjyzalk
}vks}Ym¦Õ¦!µt³matilkvk|WzYvkYeyoqzYvt}Y;ttpzweelkvxmt}Ye/tiekP
}sÂtilk¤YvzGwlo¡YkszartO
}¥¡YkGwelkŁempoqkvxmzGÑm³lÈYksntpztilkruzYvxku,møkUzY|KÃ§³¨Qms
!fÙ' ãAä

ð
4GÝ=ÈfA@Ä«4:
°
ð
ñ·<
µtiemjmpksrutzG£etilk1o¯zGmxmft,zY|IlksmGelÃ§³¨Qm~~ti¡Ykvxn}vYkUaweykvxr}Y
}o¯kvxtwlvkUAÄqkŁruzGemlkvxks£¤Òwfrxi*eqkvxm~y}¥Cqk1wemks|WzYv¤kY l¤ezGelks}vAk|
|áksrutma}Yeie}¥¡Yk~}tptpvx}YrutpksÂ×;wetpk
mzGykj}tptpksRtzG/}YmIkY lI~iftpk³Gi;tQYksekvx}tpzYvxm
hjilk1¡Ykvz[Ákuùqksrut¡Ykr}Yeel/efruksm³tie}t¤}vkè}tpt}Ye}fkŁweme/Ã§
¨Km
eer}tpkPtie}t³eqkvxm~tiÑ}è¡YkvÂ}vYk3aweykvxr}Yq}oqkvtwlvxkPmiezGweÂqkA|Wks}YmfkY
µeekks£Ät¤ie}Ym¤qkksÎ|ázGweftie}tÃ
§
¨Km¤~tiÎ}YÎkuùqksrut¡Yk/yzÒlkè}vks}}Ymmy}Y
}YmAüŁÓj7)*Õ
ú
}vk~oqzGmmxfk¶PQYËO¸ÔIÉ©ktwem9evxmptruzGfmlkvØtilkAruzYvku,mxøk~zY|ÄÃ
§
¨Km9~ti
lzYvxy}Y£
}s¡YkGwflkUempoqkvxmzG£
NRË
Ï9¼½4ÔÄË¼*»ÂÁÃËÔ:½(Õ&ÏÐ/½y»Ñ½Oº`ÁÀ

¼àÒÔ»RÕcÌKÖ_Ái×ZË¼Ô-oÁR»ÂÐnÕ

»ÑËyÔ/.?¹Óº¾ZË1032Gº#ÕcÌ?½*ÎcÒ
0
0.2
0.4
0.6
0.8
1
0 2 4 6 8 10 12 14 16
N
or
m
al
iz
ed
 P
ro
pa
ga
tio
n 
Co
ns
t, 
B
Effective V-parameter
1
2
3
4
0
0.2
0.4
0.6
0.8
1
2 4 6 8 10 12
1. PCF treated as SIF
    Silica core, a = Λ
2. Equivalent SIF
    PCF cladding index
3. PCF treated as SIF
    Silica core, a = 0.58 Λ
4. PCF treated as SIF
    Honeycomb core, a = Λ
~TWd5ZE\[]
'â&%
gÄÇ¿}Ym}n|ÖweerutzG*zY|k
ãäåä
|WzYvUe ùqkvks;t3rxilzGruksmzY|tilkruzYvkelku
}YftiekÎruzYvxkv¦}Yewem ª{rxilzGrukÎzY|ŁÍ0ÙWY Ë¢l|WzYvtilk?ruzYvkÎvx}Yewfm
}Yf

ß
ü
}YmPtilkèkuù¯ksrut¡YkruzYvkŁelkuCG¡Yksm¤Yzaza}Yvkksyks;t3~ti
tiek3kuaoqksrut}tzGemj|ávzGyýmptpko*elku/f¯kv¦mIhjilk¤empkt³milz[~m
Yzaza
}YvxkksyksRtÂ~titiekmptpkoelkuú}Ye}YzYY|ázYvÑtilkmpksruzGfûzYvxlkv
yzalk}Ym~Øks 9­efqzYvvz¥ks|WvzGy¶Xa}N"¸
µ>~TWd5ZE\Ì]
'âÂ
£ûmUmiez¥~tilknyzaekÑeekuÎ|WzYvè}*awey1¯kv1zY|~Ã§³¨Qm1~ti
e ùqkvksRt}Yvfe|Wvx}YrutzGem>µtmmpkksútie}ttiekCwlo;
}vxúrwlvx¡Ì}twlvxkzY|Atilk
yzaek*eekuúrwev¡YkY~ruzYvvksmo¯zGfel?tpz}ekG}t¡Yk*YvxzGwlo¡YkszartOûempoqkvxmxzG
m¤|ázGwfeÎ}t3vks}t¡YkszGlClzYv¦y}Yøks
}s¡YkskslYtifmEruzYvvxksmpoqzGeelÑtpzmy}Y
ruzYvku,møksmèhjilkèmptpvzGenekG}t¡YkYvzGwlo?¡YkszÒrtO*emo¯kv¦mzGmP}ÂvksmxwetPzY|Øksmm
kslkvYoevzYof}G}ten*tiekèr}YeelÂ}YvilzGksm¤}Ym¤tilk|Wvks×awlkserumPeruvks}Ympks£
hjiemIm}Ykuù¯ksrut
my/}vKtpzUmptpkoÂelkuŁeqkvxmY~ilkvxk³tilk~lkG}t¡YkAYvzGwlo¡Ykszar6
t,ŁempoqkvxmzGzÒrrwlvxmK~ilksè}Yfruvks}YmlP|Wvx}YrutzGèzY|ftiek³kslkvYUofvzYof}G}tpksm9
tilk~ruks;tpvx}Y5ifGielkuruzYvk~}YmØtilkj|Wvks×awlkseruèm9fruvks}Ympks£R}Yftilkvkar}Ywempksm
}lksruvks}YmlYvzGwloC¡YkszartOY
ª
tjmilzYvtpkv³lzYv¦y}Yøks/}¥¡YkskslYtiem³zGekAffemoqzGmt¡Yk~YvzGweoÂ¡YkszartO/emp
o¯kv¦mzG£PªAm¤milz[~ks}vxkvÓ?Nl þGÕAtilkŁkuù¯ksrut3zY|Ø}Â}vYkvA|Wvx}YrutzGzY|9tiekŁksekvY
oevzYof}G}tetilkÑifGiflku?vkGzGem1zY|³tilkÂeqkvsQ}Ym1tilkÂ|ávxks×;wlksfru(mUl
ruvks}Ympks£ÒruzYvvksmpoqzGefmItpz1}UYvzGwlo¡YkszÒrtOtie}tØfruvks}Ympksm9Atitilkj
}s¡YkskslYti£
hjiemØmØruzGwfRtpkvx}YrutpksnatilkAvxmlUyzÒlku,eeku}YmtilkP|Wvks×;wekserumeruvks}Ympks£
merukAtiemruzYvvksmpoqzGeemtpz}YÑfruvks}YmlUYvzGwloÂ¡Ykszart,Ó?Nl þGÕ¦ØhjilkA}YezGy}YzGwem
}¥¡YkGwelkempoqkvxmzGm}1vksmwftØzY|EtilkPvxme1yzÒlk¤elku/ie}¥¡alŁyzYvk¤kuù¯ksrut
zGÎtilk1YvxzGwloÎ¡Ykszart,tif}Y*tiekŁkuÒterutzG*zY|tilkèeks*|ávzGy tilkè}Yv3ilzGksm¤}Ym
tilk|ávxks×;wlksfru*m¤eruvxks}Ympks£1h~iemPzarrwevxm¤~ilksÎtilkè|Wvx}YrutzGÎzY|tilkèekstie}t
N+S
Ï9¼½4ÔÄË¼*»ÂÁÃËÔ:½(Õ&ÏÐ/½y»Ñ½Oº`ÁÀ

¼àÒÔ»RÕcÌKÖ_Ái×ZË¼Ô-oÁR»ÂÐnÕ

»ÑËyÔ/.?¹Óº¾ZË1032Gº#ÕcÌ?½*ÎcÒ
mPoevzYof}G}ten}YvmPvks}t¡Yks*yzaeksmptÄruzYvvksmpoqzGefl/tpzC}yzalkŁtie}tm
oevzYof}G}te/}YyzGmpt³ks;tvksÂntiekruksRtpvx}YEmr}ŁruzYvxkvkGzG£
ÇUruzGyof}vxle~TWd5ZE\[]
'â)
}Yel~TWd5ZE\Ì]
KâÂ
£tQmQmpkksUtif}tQtiek|Wvx}YrutzGŁzY|
tilkyzae}YRkslkvY3tie}tKm©oevzYof}G}tePUtilkØ}YvEilzGksmQmEyzaeksmptÓWtO;ofr}Yksmm
tie}YÎ}/oqkvxruks;t~zY|9tiek1kslkvxYCm~ofvzYof}G}tlÂ}YvsfAilks*mtpvzGlÑ}YezGy}YzGwem
empoqkvxmzG?zarrwevxm¦Õ¦(hjiemUruzGyof}vxksmètpzÎmtpkoelku(eqkvxmK~iekvkÑtiekÑeksm
ØksÒzÒr}YøksŁtpz¤tilk³ruzYvk³vkGzG£Y~ilksŁtilk
|Öweee}Yyks;t}Yayzaek
if}YmQ}YezGy}YzGwem
empoqkvxmzG£
1.15
1.2
1.25
1.3
1.35
1.4
1.45
0 1 2 3 4 5
m
o
de
 in
de
x,
 β/
k 
normalised wavelength, λ/Λ
~TWd5ZE\[]
'âÂ
£Äg©hjilkyzalkelkuÂ}YmA}|ÖweerutzGzY|QtilkUezYvxy}Yøksn
}s¡YkskslYti£
Ł

|WzYv3Ã§
¨KmA~ti}YvPilzGksmAzG}Ñtpvx}YlGwe}vA}tptrukY3hjiek1ruzYvku
vkGzGm³ruvks}tpksCaÑtiek3zGymmzGnzY|Etilkruks;tpvx}YÄ}YvjilzGkYhjiek
r}Yeflj}YvKilzGke}YyktpkvKm  û
ë
Í0Ù Ê¢lÓWvks1rwev¡Yk[Õ¦dû
ë
Í0ÙPNdl
ÓWYvkksﬁrwlv¡Yk[Õ¦ û
ë
Í0ÙWQ¢l{ÓW5wlk*rwev¡Yk[Õ¦ªû
ë
Í0Ù Ë¢lªÙÓWofwlvo5k
rwlv¡Yk[Õ
§zGemlkvtilk/eksmG?zY|³}Ã
§
¨ﬁtie}tŁm;tpkselks?tpz*GwelkGiRt}tŁ}Crukvp
t}Y?
}s¡YkskslYtiÄD£.¤Ì| ?tilk/ezYvxy}YøksÎ
}s¡YkskslYtivxkGzG?~ilkvxktilk/Ã§³¨
ie}YmØ}YezGy}YzGwemempoqkvxmxzGètilk~fks/mØ}YyzGmptØksRtvksèoevzYof}G}tlU~tietilk
ruksRtpvx}Y¯mr}3ruzYvk~vxkGzG£Ihjilk³kuùqksrut¡Yk¤yzaek~}vks}UmGtilkvk|WzYvkYaoevzYoqzYvtzGf}Y
tpzﬁl
ú
a}Yf/zGlk¤y}¥/ruzGerweek~tie}t
}vYkP¡Ì}Ywlksm9zY|ÄtiekP;tpkvxilzGk~empt}YfrukAks}Y
tpzC}vYkèkuù¯ksrut¡Yk/yzÒlkŁ}vxks}Ym1hjifmAyofksm~tie}tÃ§³¨QmP~timtpvzGl}YlzGy}Ì
YÍ
Ï9¼½4ÔÄË¼*»ÂÁÃËÔ:½(Õ&ÏÐ/½y»Ñ½Oº`ÁÀ

¼àÒÔ»RÕcÌKÖ_Ái×ZË¼Ô-oÁR»ÂÐnÕ

»ÑËyÔ/.?¹Óº¾ZË1032Gº#ÕcÌ?½*ÎcÒ
zGwem1}¥¡YkGwelkemo¯kv¦mzG?}YmpzÎie}¥¡Yknmxy}YruzYvxksm}Yemy}Ykuù¯ksrut¡Yknyzalk
}vks}Ym9hjiemEG¡Yksm9tilk³oqzGmmftO¤zY|qruzGwfRtpkvx}YrutltilkjlkG}t¡YkjYvzGwlo¡YkszartO
y}tpkvx}Y¯empoqkvxmxzG}tØ
}s¡YkskslYtiem³milzYvxtpkvØtie}YüsþÍYÍèey;~iekAie}s¡Òl1¡Ykv
my}Y³kuùqksrut¡Yk?yzÒlk}vks}Ymshjiem}G}Yzùqkvxm/tiekCoqzGmmft,zY|lzGeeks}v
eqkvxmI~tiøkvz1empoqkvxmzGè}t}¥¡YkskslYtiemØqksz¥$üsþÍYÍ1eyCRk¡YksÂlz¥~/tpzlQÍYÍ
ey 
}s¡YkskslYtiÄÅ¤wlkjtpzUksmo¯ksr}Y1mks|5o5ie}YmpkjyzÒewe}tzG}Ye|WzGwlv9
}s¡Yk¤y a
llltiem~y}ÈYksm~t³oqzGmmxfk¤tpzYkslkv¦}tpkU~ietpkGi;t|WvzGy|áksy1tpzGmpksruzGeofwempksms
ªAkuÒ}YyofkzY|j}*lzGeeks}v3eqkvUy}YlkÑ|ázYv1~ietpk/GiRtUYkslkvx}tzGmUmxilz¥~
k~TWd5ZE\[]
Kâ/
ÇnofweyoflŁtiem
eqkv³~tin|áksy1tpzGmpksruzGe*ofwemksmÒtilk~ietpk
Gi;t1mpoqksrutpvxwey{lkofrutpks ~TWd5ZE\[]
KâÂy
m1zYet}YlksÄn~TWd5ZE\[]
'âÂb
miez¥~m
tilkUy}Y;R,ruzGzYvksGiRt³}|Wtpkv~of}YmmxlètilvzGwlGi}oevxmxy
ª vksy/}vÈmiezGwe¯kÎy}Ylk?}qzGwltntilk?lkksﬁ|WzYvmlGkÎyzÒlkÎlzGeeks}v
eqkvxmÃ§
¨Km~ti$¡Ykv$ieGi$;wfykvxr}YŁ}oqkvtwlvkruzGyU5lks$~ti$mptpvzGl
}YlzGy}YzGwemC}¥¡YkGwelkfmpoqkvxmzG}vk(zY|Wtpks£3mptpvxrutmpoqks}ÈÒll¤y1wetyzÒlkY
~z[Øk¡YkvsYtiek9yzaf}YGelkuPe ùqkvkserukIqkt,kkstilkI|Öweef}YyksRt}YR}Ye¤tilkieGilkv
zYvxlkvjyzÒlksm³m³mweß/rks;t/}vYk¤tpzksfmwlvkPtie}tjGi;t³lzlzYtjruzGwlofkP|WvzGyýtilk
|Wwefe}Yyks;t}YRyzÒlk9tpzPieGilkvÄzYv¦lkvEyzÒlksmK¨ewlvxtilkvxyzYvkYÌtilkruzYvkvkGzGÑÓÖ}Ye
tilk
kuù¯ksrut¡Ykjyzalk
}vks}RÕQmKmweß/rks;tmy}Y;tpz¤ksemwlvxkYYtie}tItQmEwefÈYks¤tie}t
Gi;tU~K¯kÂruzGwlofks;tpztilkÂieGilkv1zYvxlkvèyzaeksma(}Yrrlks;t*hjilkvxk|ázYvkY
zGlkPmYkslkv¦}YlzYt
ruzGerukvxlksÑtie}ttilksmpk¤eqkvxm9}vxkPÑ|Ö}YrutyŁwetyzalkY9at 
tImQo¯zGmxmfktpzlksmGèyruvxz,mptpvxwerutwlvxksUeqkvxmE|WzYvI~ietpk
Gi;tEYksekvx}tzGètie}t
}vktpvxweÑmeGk3yzaekY
~TWd5ZE\[]
'âÂ#
g©ª lzGeeks}vPf¯kvy/}Y;wl|Ö}Yrutwlvks(;§vÒmpt}YI¨Kqkvª3«Y¯©hjiem
eqkvjm³kßÑrksRt~|ázYvAYkslkvx}tl/~ietpkGiRt³|WvzGy-|WksyUtpzÂmpksruzGe
ofwempksmI­efqzYvvz¥ks|WvzGy §vxampt}Y£¨Kfvkª¤«Y
h©zwfmptpvx}tpkntilkCvx}Yfr}Yjlk o¯zGmxmftksmUy/ruvz,mptpvxwfrutwlvksúeqkvxmzù¯kv
YÒü
Ï9¼½4ÔÄË¼*»ÂÁÃËÔ:½(Õ&ÏÐ/½y»Ñ½Oº`ÁÀ

¼àÒÔ»RÕcÌKÖ_Ái×ZË¼Ô-oÁR»ÂÐnÕ

»ÑËyÔ/.?¹Óº¾ZË1032Gº#ÕcÌ?½*ÎcÒ
~TWd5ZE\[]
'âÂy
g©hjilkAietpkGi;tmpoqksrutpvxwey zYet}Ylks~ilks?ofwfyoflÂtilkÑeqkv
|WvzGy~TWd¯Z©\Ì]
'âÂ/
~ti|áksy1tpzGmpksruzGeofwempksmÐks}Ymwlvksyks;tm
a­}ÈYzY@Gwewe³ÉE}vxmpks£
 
ª~v¦i;wem/wee¡Ykvxmxt,Yú­fe?qzYvvz[Øks
|WvzGy§vÒmpt}YÄ¨Kevxk¤ª3«Y¯¯§
zGwlvtpksmpn¬A­Uhjksmpks}v¦rxi£
~tieCtilkUeksCzY|lzGflks}vjzYoftrm¯tilk1aweykvxr}Y©}oqkvtwlvkUtie}tPmjoqzGmm5k
tpz?zYet}Ymèlkofrutpks>~TWd5ZE\[]
'âÂ+
hjilknaweykvxr}Y}oqkvtwlvknmŁlkflks
}Ym^÷Æ
ë


ú
6
õ

ú
6
#
"ÒeruktiekCvk|Wvx}Yrut¡Yk*elkuf ù¯kvxkserukqkt,kkstilk
ruzYvk}YeÎtilkr}YeflnmPvx}vks}vYkv3tie}Y?ÍÒÆÍGÊa©tiek;weykvxr}YQ}o¯kvxtwlvkèzY|
mptpkoflku*eqkvxmUm¤Ykslkvx}Y*qksz[%ÍÒ Ê"Yak~z[Øk¡YkvsKofiezYtpzGerruvÒmpt}Y9f¯kv¦m
zù¯kvKtilkoqzGmmft,AzY|e}Aaweykv¦r}YR}oqkvtwlvxkØ}oeoevxzG}Yrxiee1üG}YmQmpkksè~TWd¯Z©\Ì]
'âÂ+
KªPmpz¤lzYtruktie}tQtilk
;weykvxr}YR}oqkvtwevkØy}¥qk
}s¡YkskseYtilkoqkselks;t
Ñy/ruvz,mptpvxwfrutwlvksÑeqkvxmR}Ym³}1vksmwetzY|ÄtilkP
}s¡YkskslYtieko¯ksflksRtr}Yeel
elkuq
~TWd5ZE\[]
'âÂb
g©hjilkmpoqksrutpvxwey |WvzGy´~TWd5ZE\[]
'âÂy
¡Òmwe}Yøks";"mpksfelt
tilvzGweGiŁ}¤ofvxmyQIÒoqkvxyks;t©aŁvxeA~mRatpvx}tieralk³wef 
¡Ykvxmt,YQ¢¤}YmpYz¥­eeqzYvvz[ØksÎ|WvzGy §vxampt}YI¨Kfvkª¤«Y¯
§zGwlvxtpksmpÂ¬P­h"~ksmpks}vxrxiÄ
Y Ê
Ï9¼½4ÔÄË¼*»ÂÁÃËÔ:½(Õ&ÏÐ/½y»Ñ½Oº`ÁÀ

¼àÒÔ»RÕcÌKÖ_Ái×ZË¼Ô-oÁR»ÂÐnÕ

»ÑËyÔ/.?¹Óº¾ZË1032Gº#ÕcÌ?½*ÎcÒ
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
0 0.5 1 1.5 2
n
u
m
er
ic
al
 a
pp
er
tu
re
 
Normalised wavelength, λ/Λ 
~TWd5ZE\[]
'âÂ+
g©hjilk1;weykvxr}Y©}oqkvtwevkzY|9yruvxz,mptpvxwerutwlvxksCeqkvxmj}YmP}Ñ|Wwefr6
tzG¿zY|ntilkûlzYv¦y}Yøks¿
}s¡YkskseYti£ hjiekûe}Yyktpkv(zY|ntilk
r}YeflC}YvŁilzGksmUmof}vx}YyktpkvsDû
ë
Í0Ù Ê¢lÓWvks¯Õ¦=û
ë
Í0ÙPNdl
ÓWYvkks5Õ¦ û
ë
Í0ÙWQ¢l ÓW5wlk[Õ¦,û
ë
Í0Ù Ë¢l ÓWofwlvofk[Õ
!fÙml

D
		hÝÞù4:
ð
ä

ßfB!Ý
!
Ç}YmxroevxzYo¯kvxtksm3zY|jeekuÎGwfelyruvz,mptpvxwerutwevks(eqkvxmUy}s?qk/yzÒlksks
wemlè}èmptpkoelkuÑeqkv}Ye}YzYYYÒwer¦iÂ}èyzÒlks¯m
r}of}fk¤zY|Eoevkserutltie}t
zGeú}(fftpkaweyUqkvzY|yzalksmÑ~
¯kGwelksûmyofkyruvz,mtpvxwerutwlvks
eqkvxmemfruk3tilkkuùqksrut¡Yk1r}YfeleekuÂ}oeoevxzG}Yrxilksm~tilkUruzYvkŁelkun}t~milzYvt
lzYvxy}Yøks
}s¡YkskseYtiem%hjifm/mÂ}YmpztilkÎvks}YmpzG|WzYvntilk?mpoqksr}Yjqkseel
oevzYoqkvtksm
zY|KtilksmpkUeqkvxmlmeruk3tiekÂie}¥¡Yk1fruvks}YmlèqkseelŁzGmmpksmjqzYti}t
}¥¡YkskslYtiem³tif}t}vk3zGeYkv}YenmiezYvtpkvÓmn Õ1tie}YÂtilkA
}s¡YkskslYtivx}YlYkP~ti
}Yrrukoet}fk1¯ksfelèzGmmpksms
 AmxltilkUyzalks©lksmruvxqksnCr¦ie}oetpkv¤Êaftj
}Ymj|WzGweentie}tA}mwlfmt}YRt}Y
o¯zYvxtzGúzY|3tilkCksekvYûr}YûoevxzYof}G}tpkútilk}YvÂilzGksm~ilksûtilk*;tpkvxilzGk
empt}Yeruk*mmy}YÔØruzYvvksmo¯zGfeltpz}Îeqkv~iekvkCtilk|Öweee}YyksRt}Yjyzalksm
mpkk?tilk(r}YeflmptpvxwerutwlvxkÎ}Ym}Yﬁkuù¯ksrut¡Ykvk|áv¦}Yrut¡Yk(elkumptpvxwerutwlvxkY ª
t
milzYvtpkv/ezYvxy}Yøks
}s¡YkskseYtiem³ruzYvvksmpoqzGefltpz}?}vYkvmptpvxwfrutwlvkCmr}Yk
|ázYv¤}G¡Yks}¥¡YkskslYti£¯tilk1eksCmAeruvks}YmxlGÑkuaoqksksC|ávzGytilk1}Yv~ilzGksm
hjiem³m³}YrruzGyof}Yeks;n}oqzGmt¡Yk¤YvzGweoC¡YkszÒrt,emo¯kv¦mzG£
Ðruvz,mptpvxwerutwevks*eksmGemPy}s¯k1ksyofz[YksÎ}YmP}vYkŁruzYvxk1eqkvxm~|ázYv¤lzGÒ
Y þ
Ï9¼½4ÔÄË¼*»ÂÁÃËÔ:½(Õ&ÏÐ/½y»Ñ½Oº`ÁÀ

¼àÒÔ»RÕcÌKÖ_Ái×ZË¼Ô-oÁR»ÂÐnÕ

»ÑËyÔ/.?¹Óº¾ZË1032Gº#ÕcÌ?½*ÎcÒ
lks}vKofwlvxo¯zGmksm[zYv9}Ytpkvxe}t¡Yks1ieGieezGelks}vQeqkvxmE|ázYvIruzG;tawewey$Ykslkvp
}tzG£ÏPv
zGlky/}snlksmGn}Łeqkv
~tin}yzÒlk3}vks}ruzGyof}vx}5k¤tpzmpt}Yee}vx
eqkvxmj}YezYet}Yek®
}s¡YkskslYtiÎlkoqkseekserksm
hjiem~y}sqkkuÒofzGtpksC|ázYv
kY leqkv}Yyofekvxmksmpoqksr}Y(Ailksûz[Økvxl?tilkvk|Wvx}Yrut¡YkelkuzY|¤tilk
ruzYvkvkGzGÄ
YON
¨ ©«ªA¬®­v¯.° o
   ﬃ 
	 Ë # ³ Æ! Ì   
Ðruvxz,mptpvxwerutwlvxks1f¯kv¦m©zùqkv9}Pvx}YlYk
zY|5lkoqzGmmftksmµŁtiemQrxif}oetpkvsGtilk
yzGmpt¤vx}Yer}YQtO;oqkèzY|Øyruvz,mptpvxwerutwevkseqkvxm Øo5ilzYtpzGer1f}YelG}oÎeqkvxmp~
¯kR¡YksmptG}tpks£hjilkr¦ie}oetpkvA~¯|WzarwemjzGClksmruvxflèmpzGyk5}Ymr¤oevzYoqkvtksm
}Yetilkvkaèwemtpvx}tpk³mpzGyk~lkúoqzGmmxftksm©ruzGyo5}vkstpzf¯kv¦mEtif}t}vk~lzYt
GweeeUatilk¤ofilzYtpzGer~f}YflG}onkuù¯ksrutªAmzŁ}èaweyUqkvzY|Eeù¯kvks;t
lksmGems
f}YmpkszGtilkilzGlkÒruzGyUû}YetilknÈ}YzGy dkCmptpvxwerutwlvxksmI~qkÂmiez¥~£?hjiek
ilzGlkÒruzGyUn}YeÑtilkjÈ}YzGy dk}tptruksmy}s}YmzUqk~wempksÑ}YmØr}Yeelmtpvxwerutwlvksm
ﬁÃ§
¨Kmtie}tGwflkÎGi;tÂayzaeekshEzYt}Y;tpkvxe}YPvkfksrutzG£¤ilz¥k¡Ykvs
Ã§
¨KmØf}YmpkszGÑtilkPilzGlkÒruzGyUn}YeÑtilk~È}YzGy dk3}tptruksm}oeoqks}vtpzŁksmpoqksr}Y
oevz¥¡Yk1tilksv³zYvtiC}YmAÃÇj¢¿eqkvxms
Ï¤lkÂof}vtrwf}v1o5ilzYtpzGer/f}YelG}oeqkvŁeksmG~9ezYtŁqkÂemrwemxmpks
lkt}YeètifmKtilksmmsRe}YyksŁtilk~}YvIGweeePf¯kv:¶ ÊÒü¸ÔKh~ilkj}YwltilzYv9vxksruzYGeøksm
tilk1tpvxksykselzGwemPoqzYtpks;t}Y©zY|¯kslÑ}fkUtpznGwelkŁGi;tA}YyzGmptPruzGyofktpksC
}Yvsf}Ye*ie}Ym~}Ympzoqkv|WzYvxyksnzYvÈtiemjeksw¶XacYÒacQO¸Ô5ilz[Øk¡Ykv¥5tilk1lksmGem
emrwemxmpks|WzYvAtilkŁ}YvpÔGweeleqkv~}vxkŁlzYtA|Wwfee}Yyks;t}Yne ùqkvks;tj|ávxzGytilk
ofilzYtpzGerŁf}YflG}o(lksmGfm3emrwemxmpks*ÎtiemPtilksmmp³}o5}vt3|ávxzGy ie}s¡Òlnofilz
tpzGer¤f}YeeG}ofm³tie}tjkuÒtpkseqksz["tilkU}YvjlkY&µflkks£e}èofilzYtpzGfr¤f}YelG}o
mptpvxwerutwlvxkPAeqkPoevksmpks;tpksÑtilk3lkuÒt
r¦ie}oetpkv³tie}tj}Yz¥"yzYvk¤tie}Ynie}Y|ÄzY|
tilkyzaf}Y©kslkvxYCtpznoevzYof}G}tpk}Yvs¤hjilkè}YwltilzYvsqtilkvxk|ázYvkYqqksk¡YksmAtie}t
}ÑemrwemmzGCzY|Itilkè}YvPGweee/ÃÇj¢%eqkvAlksmxGemA~Ä}Yf*tptkU×awe}Yt}t¡Yk
mwlfmpt}Yfruk3tpz/tilkemrwemmzGÑofvksmpks;tpksCntiem~rxie}oetpkv¥
'CÙ-Ú ãAä
qpÜ4GÄÞ
1
4G	
F
ñÇ
F
9ÝeBÝ
D
1

D
Ý=
hjilknlksmGzY|~}j~zGlkÒruzGy1ÃÇj¢eqkvu¶ üSlÄa"a}¸³mŁmilz[~mrxilksy/}tr}Y(
~TWd5ZE\[]

âÂ
COt3mPlzYtruks*tie}t¤tilkèruksRtpv¦}YIruzYvk1vxkGzGÎm~|WzYvxyksaC}Yeee
Y"Y
Ï!Ð/½y»Ñ½Oº`ÁÂÀÛÓJÕcº=¾$ÎbÕ³ÔÇÖ&ÁÑ×Ë¼-Ô
}YkuÒtpvx}/}YvAilzGk,¶ ÊÍl`Nba /NRËO¸Ô³hjiemjyofksm
tif}t~tilkUruzYvxk1vkGzGie}YmA}/z[Økv
kuù¯ksrut¡Ykjelkutie}YŁtilk³mwlvxvzGweeeljr}Yeel~vkGzGŁ}Yf£tilkvk|WzYvkYRmpkksymQtpz
¯kjŁruzG;tpvx}YerutzGtpztilk³ofvxero5kzY|¯tpzYt}Yf;tpkvxe}YavkfksrutzG£Rtif}t9lksy}Yeem
}ÑieGiCelkuCruzYvkuÔvxkGzG£:Az¥k¡Ykvs£lksmpoftpktilkU|Ö}YrutPtie}tAy}Y;C×awe}Ytksm~zY|
|ákvks*aCyruvz,mptpv¦werutwlvksf¯kv¦m~y}¥¯k1weelkvxmtpz;zÒCawemlÑ}/myofkmptpko
elkuC}Ye}YzYYY¯tilkvkèm~zGlkU|Öweee}YyksRt}YEe ùqkvkserukqkt,kksÎ}/ilzGyzYYkslkzGwem
y}tpkvx}Yj}Yfo¯kv¦zafr/eksksrutpvxrnmptpvxwfrutwlvksmúªPRyzÒlk~Øqk}Yz¥ksútpz
oevzYof}G}tpk*tilvzGwlGiû}ilzGyzYYkslkzGwemÂeksksrutpvxr?ÓWzY|3lfetpkÂkuÒtpks;t¦Õ¦j|Ptmk|
|áksrut¡YkèyzÒlku,eeku(ÓÖCtilkŁevksrutzGCzY|IoevzYof}G}tzG¯Õ³m~¯ksz¥®tiekUvk|Wvx}Yrut¡Yk
elkuzY|tilkeksksrutpvxr1h~iemPm3lzYt¤tilkr}Ympk~ti*tOØz,fyksemzGe}YKoqkvxzÒer
eksksrutpvxrmµ|ItilkUyzalkŁelku(ÓÖtilkU;¡Ì}v¦}YRtAevksrutzGCzY|ItilkUoqkvxzÒer¤e
ksksrutpvxr¥ÕUmAtie(}ÃiezYtpzGer/Ç
}YeeG}oﬁÓÖÃØÇ³¢UÕzY|³tiekÂeksksrutpvxrQtilkÑyzalk
~qlzYtjqk3}YCkuÒtpkselksmpzGwltzGntpzÂÐ}ÌÒØksÂLÆm³ks×awe}tzGem¶ üÍf/aËO¸Ô
Λ
Core-region
~TWd5ZE\[]

âÂ
gElrxilksy}tr9vkoevxksmpksRt}tzGzY|l}~ÃØÇ³¢úeqkvÄ~tiUr}Yeee
}YvEilzGksm
zG/}3ilzGlkÒruzGyUÂ}tptrukjmptpvxwfrutwlvkYK¬~zYtruk~tilkjlk|WksrutilzGk³}t9tilk
ruks;tpkvPzY|EtilkÃ
§
¨fhjilk3;tpkvxilzGkempt}YerukY,lmjekflksnaÑtilk
¨KGwevkY
µÃØÇj¢eqkvxmKGi;tQy}¥YGtilkvk|WzYvkYGqk
Gweeks1}YzGe¤}3ruzYvxkuÔvkGzGè~tiè}Y
kuù¯ksrut¡YknruzYvku,flku(qksz¥ tiek/kuùqksrut¡YkÂr}YeelCelkuq©oevz[¡alks?tilk/yzalk
elku3ksmq~tie¤}jÃÇj¢ûzY|;tiekmwlvvxzGweeeer}Yfel³mptpvxwfrutwlvk:¶XacSÒ[ËÍe[ËÒüY[ËYÊO¸Ô
hjiem
m
wemptpvx}tpksÑu~TWd5ZE\[]

â)
e~iekvkAtiekPkuùqksrut¡YkUr}YeelŁelkuÂ}Ym
Øks
}YmntilkÎkuù¯ksrut¡Yk(yzalkÎeekuû¯ksz¥ tilkÎkuù¯ksrut¡Yk(r}YeelelkumÑmiez¥~£
~z[Øk¡YkvsØtilkÂkuù¯ksrut¡YkyzÒlknelku(ksm~tif(tilknÃÇj¢qzGweee}v¦ksm3zY|jtilk
|Wwefe}Yyks;t}YeofilzYtpzGfrjf}YflG}oÑ}YeÄ;tilkvxk|ázYvkYatilk¤yzÒlkAmØ}Umptpv¦rutèGwelks
Y"Q
Ï!Ð/½y»Ñ½Oº`ÁÂÀÛÓJÕcº=¾$ÎbÕ³ÔÇÖ&ÁÑ×Ë¼-Ô
yzaek/ÓÖ}Ymmweyltilkr}Yeflm
zY|Imwlß/rksRtÂ}vYk3kuÒtpkse5Õ¦
1.1
1.15
1.2
1.25
1.3
1.35
1.4
1.45
0 0.5 1 1.5 2 2.5
m
o
de
 in
de
x,
 β/
k 
normalised wavelength, λ/Λ
~TWd5ZE\[]

â)
gÄh~ilk?yzaekflkuzY|UtiekGwflksﬁyzÒlk}ilzGekaruzGy1®ÃÇj¢
f¯kvè~ti}YviezGkÂmxøksmwû
ë
Í0ÙWQ¢l qzYtitilkr}Yeee}Ye
tiek*ruzYvkvkGzG£"hjiekCkuù¯ksrut¡YkÎr}YeelÓÖGiRt/fwlkrwev¡Yk[Õm
}qz[¡Yktilk3f}YeeG}oCkslYksmUÓWvksrwlv¡Yksm¦Õ¦h~ilk¤GwelksyzÒlk¤~ti
tiek1Yvkks?yzalkŁelkurwev¡YkŁif}YmP}nyzÒlkŁelkuCqksz[ÁtilkèruzYvk
elkuÎÓWo5wlvofk3rwlvx¡Yk[Õ¦efwltj}qz¥¡YkUtilkUz[®elkunÃÇj¢¿kseYkY
hjilkŁruzYvk1vxkGzGvxksmpksyU5ksmA}/oqkvxzÒer¤tpvx}YeGwe}vAfksksrutpvxrUmptpvxwerutwlvxkY~h©z
ksmpty}tpk9tiek9kuù¯ksrut¡YkØruzYvku,flku¯[tilk9kuùqksrut¡YkØelkuAzY|ÒtilkI|Öweef}YyksRt}YYyzalk
zY|Etilk3ruzYvvxksmpoqzGeel1tpvx}YlGwf}v³eksksrutpvxrAmptpv¦werutwlvk3m
}Ympzmiez¥~u~TWd¯Z©\Ì]

â)
&µtQmQmpkksŁtie}tKtilk
yzÒlkelkumE¯ksz¥tiemEkuù¯ksrut¡YkjruzYvxk
elkuqÌmiez¥~e
tie}ttilkkuùqksrut¡YkruzYvkCflkumilzGweqkn}qz¥¡YkCtilknkuùqksrut¡YkyzÒlkeekuzY|
tilkCofilzYtpzGfrnf}YelG}oúkseYkC~titilk*z¥ksmptkuùqksrut¡Yk*elkuA¶PQ"Yc¸Ôª yzalk
elkuÂ¯ksz¥"tilk3kuùqksrut¡YkUruzYvk1elkuÑruzYvxvksmpoqzGeemtpz/mptpko*elku/f¯kv¦m;Aierxi
}Y}¥amie}s¡YkjyzÒlk
eeruksm©qksz[tiekvxk|ávx}Yrut¡YkjelkuzY|5tilk³ruzYvk³vkGzG£Khjie}t
tilkUyzÒlku,eekuÂmilzGwfnqk}¯z[¡YktilkUÃØÇj¢¿qzGweee}vx/~tintiekUz¥ksmpt~elkuq
ruzYvvksmpoqzGeemtpzCtilk/r}YfeleekuzY|³mptpkoelkuÎeqkvxmÄ~ifrxi?m¯ksz¥ tilk
elkuzY|ØtilkGwflks?yzÒlksmAz¥k¡YkvsQ?ÃÇj¢ýeqkvxm¤mpzGykr}Yeeenyzalksm
ie}s¡YkÂyzaeku,eeruksm¤}qz¥¡Yk/tilkkuùqksrut¡Yk/eeku*zY|
tilkGweeks?yzaeksmÄkY ltilk
ÃÇj¢{qzGweee}v~ti}yzÒlkelkuû}qz¥¡Yk?tilkÎyzÒlk*flkuûzY|tilkGwelks
Y$a
Ï!Ð/½y»Ñ½Oº`ÁÂÀÛÓJÕcº=¾$ÎbÕ³ÔÇÖ&ÁÑ×Ë¼-Ô
yzaekRÓÖm¦Õ¦
~TWd5ZE\[] 
âÍ
milz[~m¤tilkyzÒlkelkuÎrwlv¡Yksm3zY|ØtilkGweeks?yzaekŁ|WzYvilzGÒ
karuzGy1eqkvxms9~ilkvkntilkCr}YeelÎ}YvilzGksmie}s¡Yk}?f}YyktpkvzY|¤ÍÒWQtyksm
tilk/r}YeflC;tpkvxilzGkfmpt}YerukYÂhjilvkkeù¯kvks;truzYvkÂilzGk/møksm}vk/miez¥~=^

ë
Í0Ù þ¢lA0
ë
Í0ÙPN+Y¢lû}Yfw
ë
Í0ÙWQ¢lAa~ilkvkjmItilkje}Yyktpkv9zY|qtilk~ruks;tpvx}Yf}Yv
ilzGkYÄµt
mezYtruksntie}tj}Łeqkv
~tiÂ}}vYk3ruzYvk}Yv³ilzGk¤GwelksmØGiRt³}t³zGl
lzYvxy}Yøks}¥¡YkskslYtiems;~ifk
}Umy}Ykv9ruksRtpv¦}Yf}YviezGkjks}YemtpzU}3eqkvItie}t
Gwelksm3GiRt}miezYvtpkvUlzYvxy/}YøksÎ
}s¡YkskslYtifm/ªPmpzlzYtruktif}ttilk~eti
zY|Qtiek3}¥¡YkskslYti*vx}YlYk3~ilkvxkGi;tjm
Gwelksm³eruvks}Ympks}Ym~tilkmøk3zY|Ktilk
ruksRtpvx}Y¯}YvilzGkjlksruvks}YmksmhjiemImIt,aofr}YfzY|£tiem9eksmGzY|ÄilzGekaruzGy1/eqkvxms
1.1
1.15
1.2
1.25
1.3
1.35
1.4
1.45
0 0.5 1 1.5 2 2.5
m
o
de
 in
de
x,
 β/
k 
normalised wavelength, λ/Λ
~TWd5ZE\[]

âÍ
gÄh~ilkyzalk
eekuzY|ftilkGwelksŁyzÒlksmKŁilzGlkÒruzGyUÃØÇ³¢f¯kv¦m
Ati/r}YfelU}YvØilzGkPmøk û
ë
Í0ÙWQ¢lAhjievkkAeù¯kvks;truzYvk¤ilzGk
mxøksmC}vk?vkofvksmpks;tpksÒ/Í0Ù þ¢lÓÖrwlv¡Yk[Õ¦3Í0ÙPN+Y¢l ÓÖrwlv¡Yk[Õn}Yf"Í0ÙWQ¢l
ÓÖrwev¡Yk[Õ
Otm9lzYtrukstie}tØtilkvkAm9}Ulz[~;}vxÑrwlv¡}twlvkjzGÑyzGmptØzY|£tilk~yzÒlk~l
lku/rwlv¡YksmØzY|£tilk~GwflksyzÒlksm;¶ Nba}¸Ô9ªAmØtilkPyzaek~elkuèzY|£tilkAGwelksyzalk
}oeoevzG}Yr¦ilksm~tiekf}YelG}o*kslYk~titilkUz[Økv¤eeku¯ltilkUGwelksCyzalk3qkG
tpzruzGwlofk
tpz3tilkjr}Yfel¤yzÒlksmG}Ye}3mGiRtKwloa}v¦Łrwev¡Ì}twevkjmKmpkks£Ihjiem
ruzYvvksmpoqzGeemQtpz}¤
}s¡YkGwelkjempoqkvxmxzGtie}t9mEYksekvx}YŁ}YlzGy}YzGwemsGilz¥k¡Ykvs
}Ym3tilkèGwelksÎyzÒlk}oeoevxzG}Yrxilksm3tiekèz¥³,flkuf}YeeG}o?kslYktilkèYvzGwlo?¡Yku
zart,emo¯kv¦mzGèqksruzGyksmmGi;tèlkG}t¡YkY9µtzGweÑ}oeoqks}vsRtilkvxk|ázYvkYatie}t
tiemeksmGmØlzYt|Wks}Ym5kj}YmØmt}Yee}vxÑempoqkvxmzGŁruzGyo¯ksfm}tlf¯kv¦mG~ilkvxk
Y Ë
Ï!Ð/½y»Ñ½Oº`ÁÂÀÛÓJÕcº=¾$ÎbÕ³ÔÇÖ&ÁÑ×Ë¼-Ô
}1mptpvxzGl1lkG}t¡YkP
}s¡YkGwflk¤empoqkvxmzGŁmtO;ofr}Yèvks×awevks£QhjilkPr}Yrwe}tpks
YvzGwloú¡YkszÒrt,empoqkvxmxzGÓÖfrweeey}tpkvx}Y³fmpoqkvxmzG¯ÕP|ázYvf¯kv¦mU~ti}
;wey1qkv~zY|ImptpvxwfrutwlvkUmøksmŁÓÖlk5lksCtilkUlksmruv¦oetzGzY|Itiek1¨KGwlvksm6Õ¦ef}Ympks
zGÎtilklksmGemP|WvzGy ~TWd5ZE\[] 
â)
m¤miez¥~Îo~TWd5ZE\Ì] 
â 
'~TWd5ZE\[] 
â
 }Ye
~TWd5ZE\[] 
âÍ
-500
0
500
1000
1500
2000
2500
3000
3500
1.3 1.35 1.4 1.45 1.5 1.55 1.6 1.65 1.7
G
V
D
, p
s/n
m
/k
m
wavelength, µm
~TWd5ZE\[]

â 
gÄh~ilk%YvzGweo ¡YkszÒrt, fmpoqkvxmzG |WzYv$iezGlkaruzGy1eqkvxm"~ti
r}YeelÎ}Yv/iezGke}YyktpkvxmFû
ë
Í0ÙWQ¢l~ûh~ilkCruksRtpv¦}YjruzYvk}Yv
iezGkie}Ym3e}Yyktpkv3Í0ÙWQ¢lAtl
ë
Í0Ù Ë[7Äy!ÓWfwekŁrwlvx¡Yk[Õ¦Tl
ë
ü¢ÙÆÍZ7Äy
ÓWYvxkksrwlv¡Yk[Õ¦cl
ë
ü¢Ù Ê[7Äy{ÓWvksCrwev¡Yk[Õ
OtCmÂezYtruksﬁtie}tmptpvzGlû}YezGy}YzGwemÂ
}s¡YkGweek(empoqkvxmzGmÂoqzGmm5kY
ksmpoqksr}YûAilksﬁ}vYk?ruksRtpv¦}Y}YvCilzGksmn}vk?ksyofz¥YksÄýatpvzGe}YezGy}YzGwem
empoqkvxmzG£Yilz¥k¡Ykvsl}YmpzŁlksy}Yeemmy}Yemtpvxwerutwlvx}YfmøksmÆ}YeÑy}sYatilkvk|WzYvkY
mpkksy eks}YK|ázYvlzGflks}v¤ofwlvxo¯zGmksm£~ilkvkètilkÑlksy}Ye?m¤økvxzempoqkvxmxzG}t
milzYvtA}¥¡YkskslYtiemjh~ilkUemo¯kv¦mzGnrwlv¡YksmPmilz[~C}vk1t,aofr}YÄ|WzYv¤ilzGlkÒruzGyU
eqkvxm³Gweflè;ntilkŁÃÇj¢¿kuùqksrut£ilz¥k¡Ykvsq}vYkvPr}Yeeeè}YvAilzGksm~ks}YCtpz
;weykvxr}Yè}vYkvempoqkvxmxzGè¡Ì}YwlksmRAiekjmy/}Ykvr}Yfel}YvilzGksmØks}Ytpz
;weykvxr}YÑmy}YkvjfmpoqkvxmzGÑ¡}Ywlksm
µu~TWd¯Z©\Ì]

â
¢ÑmØlko5rutpks/tiekP|Wvx}YrutzGÂzY|ÄtiekPksekvY/zY|ÄtiekPGwflks/yzalk
tie}tAofvzYof}G}tpksm¤GiRtA|ázYvPtilkŁm}YykŁtilvkk1iezGlkaruzGy1ÎeqkvxmhµtAmAlzYtruks
tie}t}*}vxYkÑruks;tpvx}Y
}YvŁiezGk/zùqkvxmŁtilkÂo¯zGmxmft,*zY|jGweelyzYvkÂGi;t1
}YvseruzGyof}vxkstpz/}my/}Ykvjruks;tpvx}YÄ}Yv~iezGkY9¨lzYvAy/ruvzGmptpvxwfrutwlvksneqkvxm~ti
}mptpkoflku/eqkvj}Ye}YzYYYftilk3|áv¦}YrutzGzY|Qtilk3eksntie}tjm
Gwelksn}Yv~}Ym
Y"S
Ï!Ð/½y»Ñ½Oº`ÁÂÀÛÓJÕcº=¾$ÎbÕ³ÔÇÖ&ÁÑ×Ë¼-Ô
-200
0
200
400
600
800
1000
1200
1400
1600
1.3 1.35 1.4 1.45 1.5 1.55 1.6 1.65 1.7
G
V
D
, p
s/n
m
/k
m
wavelength, µm
~TWd5ZE\[]

â

gÄh~ilk%YvzGweo ¡YkszÒrt, fmpoqkvxmzG |WzYv$iezGlkaruzGy1eqkvxm"~ti
r}YeelA}YvQiezGkØe}Yyktpkvxm=û
ë
Í0ÙWQ¢l~IhjilkruksRtpv¦}YaruzYvxk
}YvEilzGk
if}YmŁf}YyktpkvÍ0ÙPN+Y¢l~l
ë
Í0ÙWS[7Äy ÓWofwlvxofk/rwlvx¡Yk[Õ¦l
ë
ü¢ÙÆÍZ7Äy
ÓW5wlkArwev¡Yk[Õ¦,l
ë
ü¢Ù Ê[7Äy ÓWYvkksrwlv¡Yk[Õ¦`l
ë
ü¢ÙWY[7Äy ÓWvksnrwlv¡Yk[Õ
|ázGwef(tpz?lksruvks}Ympkn}YmŁtilk/|Wvks×awlkseru(mŁeruvxks}Ympks£nAz¥k¡Ykvs9|WzYvilzGlkÒruzGyU
eqkvxm©}yzYvxk/ruzGyofkuÎqksie}s¡ÒzYvmUlzYtruks£/Ðz¥¡ÒlCtpz*milzYvtpkvŁlzYvxy}Yøks
}¥¡YkskslYtiemftilk3yzaekPft}Yèeruvxks}Ympksm³tm|áv¦}YrutzGnzY|ÄkslkvYÂtie}t³moevzYoe
}G}tl}Yv¥hjiemm/r}Ywempksaútilk*yzÒlk*¯ksl?qzGweeútpztilk*ruzYvxk*a
tilkŁÃØÇj¢ kuùqksrut¤vx}tilkvPtie}YruzGwlofetpzÂr}Yfel/yzalksms¯meruktilkèr}Yeel
yzaeksmUlks}vŁtilkÑifGi(eekuf}YflG}okslYknlzezYt1ie}¥¡YkÂyŁwerxizY|
tilkÑyzae}Y
kslkvYn~tieÑtiek}YvxilzGksms
ª
tÂmxilzYvtpkv/
}s¡YkskslYtiem³tilkeksúqksruzGyk*Yvx}Yewe}YkuÒoqksks|WvzGy tilk
}YvPiezGksm~akuùqksrutm3my}vjtpzÑtiekUkuÒo¯kslzY|9tiekUeks|ávxzGytilkè}YvxiezGksm~}Ym
tilk1|Wvks×awlkseruCmAeruvks}Ymks*elkuGweeksyruvxz,mptpvxwerutwlvxksCeqkvxm~Ðz¥¡Òl
tpzÂmptÄieGiekv~|Wvks×;wekserksmAtilkUGwelksyzÒlk1¯kGCtpznruzGwlofktpzÂtilkèr}Yeel
yzaeksmlks}vtilkz¥%flku*f}YflG}o?kslYkYK}YeÎtilkeksÎqksruzGyk/|Wwlvxtilkv¤ku;
o¯ksks|WvzGytiek1}Yv¤ilzGksm ruzYvvksmpoqzGeeltpzÑ}ÂlkG}t¡YkŁ
}s¡YkGweek1YvzGweo*¡Yku
zart,nempoqkvxmzG£
Ð}Y;tO;oqksmnzY|UruzYvxkÎeksmGemÂ}vkÎoqzGmmfkCÃØÇj¢{eqkvxmê~TWd5ZE\[]

â&%
milz¥AmP}ÂlksmG£f~iekvkUtilkèruzYvkèvkGzGmPemptpks}Y*|WzYvxyks*;kse}vGlÑtilkQ
elkvxyzGmpt}Yv1iezGksmK}G}Yruvks}tl*}*z¥ elku?ruzYvk/vxkGzG£u~TWd5ZE\[]

â
£
milz¥Amètilkr}Yrwe}tpksúyzÒlkeekurwlv¡YknzY|~tilkCyzalkÂGweeksa(tiem1f¯kv¥
QÍ
Ï!Ð/½y»Ñ½Oº`ÁÂÀÛÓJÕcº=¾$ÎbÕ³ÔÇÖ&ÁÑ×Ë¼-Ô
0
200
400
600
800
1000
1200
1.3 1.35 1.4 1.45 1.5 1.55 1.6 1.65 1.7
G
V
D
, p
s/n
m
/k
m
wavelength, µm
~TWd5ZE\[]

âÍ
gÄh~ilk%YvzGweo ¡YkszÒrt, fmpoqkvxmzG |WzYv$iezGlkaruzGy1eqkvxm"~ti
r}YeelÎ}Yv/iezGke}YyktpkvxmFû
ë
Í0ÙWQ¢l~ûh~ilkCruksRtpv¦}YjruzYvk}Yv
iezGkUie}YmAe}YyktpkvPÍ0Ù þÍ\l~l
ë
ü¢ÙÆÍZ7ÄyÓWfwlkrwlv¡Yk[Õ¦cl
ë
ü¢Ù Ê[7Äy
ÓWYvxkksrwlv¡Yk[Õ¦Ol
ë
ü¢ÙWY[7Äy ÓWvksﬁrwlv¡Yk[Õ¦Ol
ë
Ê:Ù Ê[7Äy ÓWofwlvo5k
rwev¡Yk[Õ
¬~zYtrukŁtie}tAtiemjyzÒlkUelkurwlv¡Yk1ez;ksmAlzYtjqkseC}YmPmptpvzGlGÂ}YmAtilkU|WzYvxykv
ilzGlkÒruzGyU?yzÒlkUflkuCrwlv¡Yksm¯eer}tltie}tPtiem~eksmGCmAyzYvkèmwet}5k
|ázYv}oeo5r}tzGems¯Ailkvkèlks}v3økvzYvzGwlo?¡YkszartOfmpoqkvxmzGm3lksmvxks£¯mxwerxi
}Ym9|WzGwlv9
}s¡YkAy/ Òl¤oevzÒruksmmpksm9lks}vAüYÍYÍ1ey¿
}s¡YkskslYti£hjifmKm9}Ykul}Yyofk
zY|K}/mptpvxwerutwlvxkYe~ilkvkeks}vjøkvz|5}t~empoqkvxmxzGÑy/}snqk3zYet}YlksC}t1üY"YÍÑey
}¥¡YkskslYtiÂzY|ÄGi;t:¶ Nba}¸ÔÄ Ykslkvx}YÔ;yzYvkAØzYvxÈèekks/tpz1¯k~o¯kvx|ázYvxyksèzG/kY l
tilkoqzG}vxøs}tzGnoevzYoqkvtksmzY|IilzGlkÒruzGyUÃÇj¢¿f¯kv¦mC¶ ËYþl5ËON"¸
µÎYksekvx}Y ©ilzGekaruzGy1eqkvxmPtpkseÎtpzCeksy}Ye?my}YQmtpvxwerutwlvkmxøksm3|Ø}
mGe5r}YRtØo¯zYvxtzG/zY|EtilkPkslkvY/mtpzŁoevzYof}G}tpkÑ}Yv¥KªPmpzŁtilk¤myo5k~ruzYvk
lksmGem
miez¥~ÂÂtiemØtilksmmtpkseÂtpzèqkPmxlGkPyzaekYÐwetyzÒlkAÃØÇ³¢Áf¯kv¦m
}vk1oqzGmmxfk3akse}vGltilkŁ}vks}/zY|ItiekŁruzYvkŁvkGzGÓW;kY lA;tpvzÒewerl}
;wey1qkvIzY|qkuatpvx}U}Yv9ilzGksmItpz1ruvks}tpkA}ruzYvxkuÔvkGzGAti}mptpvxwfrutwlvk³vksmpksy1fl
}tpvx}YlGwf}vjr}YeelŁmtpvxwerutwlvk3zY|Kfftpk3møk[Õ¦
QÒü
Ï!Ð/½y»Ñ½Oº`ÁÂÀÛÓJÕcº=¾$ÎbÕ³ÔÇÖ&ÁÑ×Ë¼-Ô
0
0.05
0.1
0.15
0.2
0.25
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
µ
Normalised wavelength, λ/Λ 
~TWd5ZE\[]

â
¢5gÄh~ilkn|ávx}YrutzGzY|AtilknkslkvYzY|~tilknGweeksyzÒlkntie}tmŁoevzYoe
}G}tlÎ}YvsŁhjilklksmxGÎm3ilzGlkÒruzGyUeqkvxmP~tiÎr}Yeel
}YvilzGkCe}Yyktpkvxmwû
ë
Í0ÙWQ¢lAhjilkCruks;tpvx}YjruzYvk*}YvilzGkie}Ym
f}Yyktpkv~Í0Ù þ¢lA5Í0ÙPN+Y¢lA5Í0ÙWQ¢l
'CÙÓØ ãAä
qrÜh:4;	 seBÝ
D
1

D
Ý=
hjilk/ofvxero5}Y9lksmGzY|~}ÃÇj¢ eqkvU~tir}Yefl}YvèilzGksm1zG}È}YzGy>dk
}tptrukY5m³milz¥ACC¨KGwlvxkYaüYüﬃ¶ Ë"YÒ5Ë"Qc¸Ô! yoqzYvt}YRt³o5}vx}Yyktpkvxm¯mwer¦iC}Ymjtilk
Rtpkv,ilzGkempt}YfrukYDl~Øtilkr}Yeee,ilzGkÑf}YyktpkvsÅŁI}Yetilklk|Wksrut ,ilzGk
e}Yyktpkvs£££}vk}YmznekflksilkvkYhjilkŁkuÒtpvx}n}YvPiezGkŁRtpvzÒeweruks*tpzruvks}tpk
tilkUruzYvkuÔvkGzG*m~}Ympzefr}tpks£hjiek3ÈÌ}YzGy>dkèmptpvxwerutwevkmj;tpkvksmptllfmfruk
t~ruzGempttwltpksmjtilk1tievxn5}Ymr3ilkul}YzGe}YQ}tptrukUmptpv¦werutwlvkÑÓWtiekUzYtilkvAt,zÂ}vk
tilkilzGlkÒruzGy1mptpvxwfrutwlvkC}YeútiekCtpvx}YlGwf}vmptpvxwerutwevk[Õ¦hjilkC}YwetilzYv/ie}Ym
tilkvk|WzYvkYy}Ylknr}Yrwe}tzGemŁwloqzG}ÈÌ}YzGy>dkf¯kvŁtie}tèm1GweeeGi;tUa
tilkofilzYtpzGfr¤f}YelG}okuùqksrut
hjilknÈ}YzGy dk*}tptrukCz;zYÈÒmmy}vUtpz?tilkCiezGlkaruzGy1}tptrukYÇzYtiû}t 
truksmèy}s(qkÂlksmruvxqks;(vxko¯kttzGwemUwfmpk/zY|~iekuÒ}YzGe}YmjAz¥k¡Ykvstilk
ilzGlkÒruzGyUeqkvs£tilk/r}YeelC}YvUilzGksm}vxk/mtwe}tpkszG?tilk/ruzYv¦lkvxmzY|
tilk
ilkuÒ}YzGf}Ym9~iekvks}YmŁtilk}YvŁiezGksmè}vkÂmxtwe}tpksyÒ,ruzYv¦lkvxmŁtiekÂÈ}YzGy>dk
ÃÇj¢ eqkv}Ymefr}tpks;g~TWd

âÂ#
§zGyof}vks~titilktpv¦}YlGwe}v}t 
truk1r}YfellksmGw¶ ü*a}¸ÔfzGekUlzYtruksm~tie}t~k¡Ykvtifvx}YvPilzGkm³zGy/tptpks
tilkCilzGlkÒruzGyUlksmG£~iekÑzGek¡Ykv|WzGwlvti}YviezGkmŁzGytptpksûtilk
ÈÌ}YzGy>dk/r}YeelÑmptpvxwerutwlvxkYPhjiekUÈ}YzGy dkr}YeeeÑlksmG£ftilkvxk|ázYvkY£ie}Ym¤}Y
QYÊ
Ï!Ð/½y»Ñ½Oº`ÁÂÀÛÓJÕcº=¾$ÎbÕ³ÔÇÖ&ÁÑ×Ë¼-Ô
1e-05
0.0001
0.001
0.01
0.1
1
0.1 1 10
µ
Normalised wavelength, λ/Λ 
~TWd5ZE\[]

âÍ
gÄh~ilkrwlv¡Yksm~|ávzGy tilk|WzYvxykvjofzYthjilkrwlvx¡YkUmilz[~ltilkU|ávx}Yr6
tzGÑzY|EtilkPkslkvY/GwflksÂÑ}Yv|WzYv
tilk¤|Wwfee}Yyks;t}Y5yzalkPzY|E}
mxr}Ueqkv~tiÂr}YeflU}Yv
ilzGkPe}Yyktpkv³Í0ÙWQ¢lmØerwelks|ázYv
ruzGyof}vxmpzGÄ
eilkvks;tŁ}vYkvØ}YvIfeA|Wvx}YrutzG£;tie}YtilkAilzGlkÒruzGyUÂr}Yeee¤mtpvxwerutwlvkY
Ï¤lkAzY|¯tiekA}tptpvx}Yrut¡Yk3×awe}YtksmIzY|£tilkAiezGlkaruzGy1n}tptrukAmtpvxwerutwlvkAmItie}t
tilk*;tpkvxmptt}YjilzGksms³~ier¦iûr}Y}ofo¯ks}vÂewlvxl?tilk|Ö}evxr}tzGûoevxzaruksmm/zY|
tilkeqkvs£kse}vYktilk/z[ zYvxlkv35}YelG}ofm|¶ üSc¸Îtilk/r}YfelnmptpvxwerutwevkzY|
tilk?fe}YAeqkvs §
}Yrwe}tzGemÂvk¡Yks}Y¤tif}tC}úmy}v/qkslkfr}YAkuùqksrutCvksmwet
|ávzGy ;tpkvxmptt}YeilzGksmØtilkAÈÌ}YzGy>dk3}tptrukPr}YeelmptpvxwerutwevkYI¨ewlvtilkv¥;tilk
t,zz[Øksmt1zYvxekv1ÃÇj¢¤m1zY|³tilkÈ}YzGy>dkr}YeelCmptpvxwerutwevkÑ}vkÑ|ázGwfe(}qz¥¡Yk
f}YeÂ;wey1qkv
ÊŁ}YeÂ}qz¥¡Yk¤f}YeÂaweyUqkvhQal}Ym³mtiekPr}Ympk¤|WzYv
tilk3ilzGlkÒruzGyU
r}YeeeÂmptpv¦werutwlvkYªPlzYtilkvmy/}vxtOCm¤tie}tQruzGyof}vksÎtpzCtiektpvx}YlGwe}v
r}YeeeèmtpvxwerutwlvkYlzGfÑmy/}Yq}YvjflU|Wvx}YrutzGfm³}vkvks×awevksÂqk|WzYvkÃÇj¢¤m
}vk|WzGweentilkUÈÌ}YzGy>dkè}YentilkUiezGlkaruzGy1*r}YeelèmptpvxwfrutwlvkY
µ.~TWd¯Z©\Ì]

âZ
mŁmilz[~tiekÑksksrutpv¦r/fksmx×;we}vxks|WzYvè}*Gwflksyzalk
útilk*ÈÌ}YzGy>dkzYoetr}Y~eqkvs¬AzYtruktif}t/tilkCf¯kv/GwelksmGiRtÑ}YzGl(tilk
}Yvp,ruzYvkY3hjilk1ksksrutpvxr1eks*m×awe}vksmAr¦ilzGmpkstpznksyofie}YmxøkUtilkŁ|Ö}YrutPtif}tP}Y
}oeoevksr}5kÂ}YyzGweRtzY|AtilkeksmèGwelkstiekCm flkvxyzGmptè;tpkvxmptt}Y
}Yvp,ilzGksmshjiekÂe}YyktpkvèzY|jtilknr}Yeee}YeruzYvk}YvèilzGksmèmŁÍÒPNdl~9Aierxi
milzGwenqk¤vks}t¡YksÂmxyofkPtpz/zYft}Ynvks}Y©eqkvxm
µ.~TWd¯Z©\Ì]

ây
mŁmilz[~tiekÂyzÒlknelkuÓW|ÖweØlk[Õ¦

z
IzY|jtilkÂGwelks
QYþ
Ï!Ð/½y»Ñ½Oº`ÁÂÀÛÓJÕcº=¾$ÎbÕ³ÔÇÖ&ÁÑ×Ë¼-Ô
~TWd5ZE\[]

â&%
gElrxilksy}tr9vkoevxksmpksRt}tzGzY|l}~ÃØÇ³¢úeqkvÄ~tiUr}Yeee
}YvEilzGksm
zG}ÂilzGlkÒruzGyU?}tptrukŁmptpvxwerutwevkYA¬AzYtrukŁtilklQÑelkv¦yzGmptjksÒ
}vYks}YvŁilzGksm1}tUtilkÂruksRtpkvèzY|
tilkÑÃ
§
¨ﬁtie}tŁ|ázYv¦ymtilkÑz¥
elkuÂruzYvxkvkGzG£
yzaekÂlko5rutpks¨KGwevkuYaüsÊÎ}Ymè}|ÖweerutzGzY|jtilklzYvxy/}Yøks}¥¡YkskslYti
Ł

Q~ilkvxkB£m3tilkÑ|ávkkÑmpof}Yruk/
}s¡YkskslYti£K~iekﬁl¿mUtilk/;tpkvxilzGkempt}Yeruk
lkflksnÂ¨KGwlvkeYaüYüØªPm~tiÑtilk3ilzGlkÒruzGyUCÃØÇ³¢Áf¯kv
t
m
lzYtruksÂtie}t
tilkyzÒlkPelkuÑmqksz["tilk3elku/zY|Qmr}ÂÓ üPN+YÑtiek¤r}Yrwe}tzGem6Õ¦aAierxi
moqzGmm5kYØmerukCtilkCGwflksûyzÒlkCie}YmÑ}yzÒlkCflkutif}tÑmezYt/}Yz[Øks
tilkr}Yeel/vkGzGÎ¯ksr}YwfmpkzY|tilk|Öweef}YyksRt}YQf}YflG}o?zY|tilkÈ}YzGy>dk
r}YeeePmptpv¦werutwlvkYKhjilk
qzGweee}v¦ksm©zY|5tilk³|Öweee}Yyks;t}YÒÃÇj¢zY|5tilkjr}Yeel
mptpvxwerutwlvxkmj}YmpzekofrutpksC¨KGwevkYaüsþa
hjilkUruzGeflksyks;t~tpzÑtilk1ruzYvk1vkGzG*m~mptpvxzGlYksmptfAilksCtilkUGwelksCyzalk
m}oeoevxzsly}tpks}ttilkruks;tpkv/zY|PtilkCofiezYtpzGerÂf}YelG}og~TWd5ZE\[]

ây

9¡YkstiezGwlGitilkAyzaek~elkuèzY|qtilkjGwelksyzÒlk~m9ezYt9kuÒ}Yruttilk~ruks;tpkv
|ázYv
Ł

\
Í0Ù ËYËa¯tilkŁyzaekUmjmpt£ksÄzÒr}Yøks£5}Ym~efr}tpksan~TWd5ZE\[]

âZ

ª
tAzGlYkv~}¥¡YkskslYtiem¯}}vYkvAoqzYvtzGnzY|Ktilkeksm³~tifÂtilkUruks;tpvx}Y©}Yv
ilzGkYa~iek~tilkAfks/mØ}YyzGmpt
ruzGyofktpks}fkAtpzŁ}¥¡YzGntilkA}YvilzGksmØ}t
milzYvt
}¥¡YkskslYtiem
¨lzYv
tilkjYvzGweo/¡YkszÒrt,fmpoqkvxmzGŁzY|£}GwflksyzÒlkj/}zYoetr}YfeqkvsGtilk
|ázGz¥~eŁvxks}tzGkulmpt^
o û
ë
õ
£
ï

ú

:£
ú
ÓÂYaü¥Õ
QON
Ï!Ð/½y»Ñ½Oº`ÁÂÀÛÓJÕcº=¾$ÎbÕ³ÔÇÖ&ÁÑ×Ë¼-Ô
1.1
1.15
1.2
1.25
1.3
1.35
1.4
1.45
0 0.5 1 1.5 2 2.5
m
o
de
 in
de
x,
 β/
k 
normalised wavelength, λ/Λ
~TWd5ZE\[]

âÂ
£Äg©hjilkèyzÒlkèelkuzY|ØtilkèGwelksyzÒlkÓWYvkks5ÕAzY|Ø}nÃØÇ³¢ýeqkv
~titilklksmxGÎ|ávxzGyÈ~TWd5ZE\[]

â&%
hjilkr}YfelnilzGkmøkm
û
ë
Í0ÙWQ¢l ~iekŁtiek/e}Yyktpkv1zY|³tilk/mÎflkvxyzGmpt}Yv1ilzGksm
mû
ë
Í0ÙWS¢lAAhjiekvksrwev¡YksmAlksRt|ántilk1|Wwefe}Yyks;t}YÄÃÇj¢Ł
~iekAtiekGi;t5wlk3rwlv¡Ykmiez¥~m³tiek3kuù¯ksrut¡YkŁr}YeelŁelkuq
µ*ÓÂYaü¥Õ¢;M¤Å"mKtilk³YvzGweo¡Ykszart,empoqkvxmxzG£Ì~iek
mKtilkAyzaek
elkuq

z
GzY|ftilk
GwelksèyzÒlkY9§zGyof}vxl~~tilATád¯Z©\Ì]

âÂy
G~iekvk
tilk³lzYvxy}Yøks
}¥¡YkskslYti£
Ł

mEoevzYoqzYvtzGf}YGtpz3tilk|ávxkk
mof}Yruk
}¥¡YkskslYti£Gk³ruzGerweektie}t
}lz[~R
}vxrwlv¡}twlvk/(¨KGwlvkuYaüsþruzYvvxksmpoqzGeem3tpz}CoqzGmt¡Yk/}¥¡YkGwelk
empoqkvxmzGﬁÓÖy/}tpkvx}YjempoqkvxmzGmezYt/erwflkstilkr}Yrwf}tzGem¦Õ¦~iek
}Ywloa}v¦rwlv¡}twlvkruzYvxvksmpoqzGeem3tpz}lkG}t¡Yk/
}s¡YkGweekÑemo¯kv¦mzG£ ?k
ruzGerwelkØtie}tQtilkØf¯kvEie}YmQo¯zGmxt¡Yk9
}s¡YkGwelkfmpoqkvxmzG¤|WzYvIzGlPlzYvxy}Yøks
}¥¡YkskslYtiem;~iektilk³
}s¡YkGwelkjempoqkvxmxzGmIlkG}t¡Yk³|ázYv9miezYvtIlzYvxy}Yøks
}¥¡YkskslYtiem(h~ilk/
}s¡YkGwelkempoqkvxmzG?r}Ytiekvk|ázYvxkÂqkÑtwelks;mxyof
rxie}YlGlFl¿ÓÔ§zYvvksmpoqzGeflŁtpz/rxie}YeGltilk5e}Y£møk3zY|Ktilk3eqkv6Õ¦
µt~TWd5ZE\[]

âb
m~miez¥~tiek1r}Yrwe}tpksCYvzGwlo*¡YkszÒrt,CempoqkvxmzG£a~ti
tilkŁmxøkUzY|Itilk1eqkvA}YmAof}vx}Yyktpkv¥:µtAmAlzYtruks*tie}tP}Ñvks}t¡Yks}vYkŁeqkv
~til
ë
Ê:ÙÆÍZ7) ie}YmlkG}t¡Yk(
}s¡YkGwflk¢;M¤Å#}tüY"YÍfy 
}s¡YkskslYti£
ªAmznezYtrukètie}t3tilkèf}Yelo5}YmmPkuù¯ksrut3zY|Øtilkèeqkv¤mPrks}vxwemptpvx}tpksilkvku
tilkeqkvAzGfCGweeksmAz[¡Ykv1}ny/tpks
}s¡YkskslYti?vx}YlYkYŁÃwelÑtilkèeqkvAtpz
my}Ykv³møksm³ie}Ym
tilk3kuùqksrutjzY|Ez[Økv¦lètilk3økvzempoqkvxmzG/}¥¡YkskslYti£ªPmpz
lzYtruk
tie}tKtQm©oqzGmmfkItpz¤zYet}Y1¡Ykv1}vYkØoqzGmt¡YkØempoqkvxmzG¤qksz[ü¢Ù þ[7)
Q"Y
Ï!Ð/½y»Ñ½Oº`ÁÂÀÛÓJÕcº=¾$ÎbÕ³ÔÇÖ&ÁÑ×Ë¼-Ô
d
D
Λ
Core-region
~TWd5ZE\[]

âÂ#
gQÒr¦ilksy}trvkoevksmpks;t}tzGzY|}ÃØÇ³¢ eqkvAtir}Yfel(}Yv
ilzGksm1zG}ÈÌ}YzGy>dkC}tptruknmtpvxwerutwlvkYÎ¬AzYtrukntilklk|áksrutèilzGk
}tntilk(ruks;tpkvCzY|Utilk?Ã
§
¨
h~ilkÎo¯kv¦zafrt,zY|Łtilk?r}Yeel
mptpvxwfrutwlvkÑmŁekflks;(tiekÂilkul}YzGe}Y³weft1ruks
miez¥~£?hjiek
;tpkvxilzGkCfmpt}YerukYlA³tilk*lk|WksrutÑiezGke}Yyktpkvs³£³}Yeûtilk
r}YeflèilzGke}YyktpkvseÅŁf}vkU}YmzlkflksaÂtilk¨KGwlvkY
}¥¡YkskslYti£¯y}Èalt³oqzGmm5k~tpz/wfmpk3tilkeqkvxm|WzYvjkY lkßÑrksRtAruzGRtawewey
Ykslkvx}tzG*}t~milzYvt³
}s¡YkskslYtiem
§
ie}YlGlCtilknmøkzYvètilkÑYkzGyktpv(zY|³tiekÑeqkvUruzYvxkÑ~9}Ympzfwekseruk
tilkPfmpoqkvxmzGèofvzYoqkvtksmIzY|Ätiek~eqkvsK¨Ke}YY;tilkAmxøk~zY|£tilk¤}YvilzGksmtilk
r}Yeee/mptpvxwerutwevkŁ}YmpzÂ}Ìùqksrut¤tilkŁYvzGwlo¡Ykszart,zY|Itiek1ff}Y©eqkvsGµ*tilksmpk
eqkvxm9lzYt9zGf1tiekAruzYvkYafwlt9}YmztilkAr}Yeel3mptpv¦werutwlvk~fwlkseruksmKtiek~YvzGwlo
¡Ykszart,empoqkvxmxzG£
¨Ke}YYqt¤milzGweCqkŁezYtrukstie}t¤tilkŁruzGeflksyks;t¤zY|Gi;tAr}YÎqkè×;wetpk
mptpvzGlÂtilk1ÈÌ}YzGy>dkèeqkvs
ªAmP}Y*kuÒ}Yyo5kYftilkUkuù¯ksrut¡YkyzÒlkU}vxks}|WzYvAtilk
eksÑofzYtØﬃ~TWd¯Z©\Ì]

âÂy
ruzYvvksmpoqzGeemØtpz}YÂkuù¯ksrut¡Yk3yzÒlk¤}vks}ŁzY|©ksmmØtie}Y
Sﬃ7Äy
ú
~ilkstilknmptpvxwerutwevkÂmxr}YkÂm1r¦ilzGmpksú}Ymﬁl
\
ü*acQÍ?eyruzYvvksmpoqzGeel
tpzC}n|ávkkmpo5}YrukŁ
}s¡YkskslYti(zY|PüY"YÍCeyUh~GiRtpkvruzGeflksyks;t¤zY|tilkèeksÎm
o¯zGmxmfkÂaksyo5z¥Òl?}(my/}Ykv}Yv/ruzYvkYar¦ilz;zGmxl(}(my/}Ykvwl~zYva
weml}vxYkv~r}YeelilzGksm
Q"Q
Ï!Ð/½y»Ñ½Oº`ÁÂÀÛÓJÕcº=¾$ÎbÕ³ÔÇÖ&ÁÑ×Ë¼-Ô
180 200 220 240 260 280 300 320 340
600
620
640
660
680
700
720
~TWd5ZE\[]

âÂy
g©hjilkPksksrutpvxrAfksnm×;wf}vksÂ|ázYv³tilk¤Gwelksnyzaek¤/tilk3È}YzGy>dk
eqkvAmtpvxwerutwlvkŁ~ti;tpkvxmptt}YEilzGksmPh~ilkŁezYvxy}Yøks*
}s¡Yku
kslYti*m~}ofoevzsly}tpksnÍÒ ËYËa¤¨lzYv¤}/|WvkkŁmpof}YrukŁ}¥¡YkskslYtizY|
üY"YÍŁey tiemruzYvvksmo¯zGfemItpzè}Y/;tpkvxilzGkAempt}YerukAzY|Ä}oeoevz¥Ò
y}tpks*ü*acQÍŁfyIhjilk¤e}YyktpkvzY|Ätilk¤}Yv
ilzGksm
mNGÍﬁú%zY|Ätilk
;tpkvxilzGk3empt}YerukY,lA
'CÙÉ

D
		hÝÞù4:
ð
ä

ßfB!Ý
'
ÃÇj¢eqkvxmQ}Yz¥Gwee}YerukzY|fGi;tEAtie1}Pz¥úelkuUruzYvxkYR|ltilk
yzÒlkelku
zY|£tilkjGweeksyzaek~mI~tie}3ofiezYtpzGer³f}YflG}oÄKÅAksmoftpkjtilkPlz¥¡YksfGweel
oevxerofk³zY|©yŁweto5kjvkeksrutzGemly}Y;Èaez¥~Âoevxerofksm9|ávzGy mpt}Yef}vxÂeqkv
tpksrxielzGzYY/mptliezGtpvxwekY;erweel¤}UyzalkAelkuètie}tØm9qksz¥tilkjkuùqksrut¡Yk
ruzYvkelkuqqYktU}qz¥¡Yktilkz¥ eekuf}YelG}oÎkslYkYèÃÇj¢ýyzalksm3}vxkŁ|WzGwee
r}of}fkÑzY|
if}s¡ÒlC¡Ykv?ieGi?oqzGmt¡YkYvxzGwlo(¡YkszÒrt,?¡}YwlksmsE}Co5ilkslzGykslzG
tie}truzÔkuÒmpt~timy/}Y
ruzYvkvkGzGemsÒwer¦ieqkvxmŁy}sfewempk}Ym|Öwltwlvxk
lzGÒ,eks}v³eqkvxm
hjilkmptpv¦werutwlvx}YImøktie}tGweekèGiRt3}tU}Cof}vtrwe}vP
}s¡YkskslYtiy/}sÎqk
twelksa3rxie}YeGljtilkØmøk9zY|Òtilkruks;tpvx}Ya}Yv©ilzGkY[zYvE;3rxif}YlGljtiekr}Yeel
Q$a
Ï!Ð/½y»Ñ½Oº`ÁÂÀÛÓJÕcº=¾$ÎbÕ³ÔÇÖ&ÁÑ×Ë¼-Ô
1.31
1.32
1.33
1.34
1.35
1.36
1.37
1.38
1.39
1.4
1.41
1.42
0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
m
o
de
 in
de
x,
 β/
k 
normalised wavelength, λ/Λ
FSM
PBG edges
~TWd5ZE\[]

âÂb
g©hjilkŁ|ÖweQlkŁmilz¥AmAtiekr}Yrwe}tpksÎyzÒlkelkuCzY|ØtilkèGwelks
yzÒlk?}Ym}ú|ÖweerutzGﬁzY|1tilklzYvxy}Yøksﬁ}¥¡YkskslYti£|WzYvCtilk
mptpvxwfrutwlvkÎmilz¥A"¨KGwevkÇYaüsÊaýh~ilkyzalk?flkumnz[Økv
tie}YtilkyzÒlkèelku*zY|tilkè|Öweee}Yyks;t}YKmpof}Yrukfl/yzalkY
¨9lÐ
~z[Øk¡Ykv?tClzaksmClzYtCruzGweofk?tpz}Y;"r}YeeeyzÒlksm
mfrukÑr}YeflyzÒlksmŁ}vknmptpvxrut?|WzYvfelks?~tie?tilkÂofilz
tpzGer¤5}YelG}oÄewemptpvx}tpksÂaÑtiekUÃÇj¢¿kseYksmjtilk3fGwlvkY
}Yv~ilzGkf}Yyktpkvxm
QYË
Ï!Ð/½y»Ñ½Oº`ÁÂÀÛÓJÕcº=¾$ÎbÕ³ÔÇÖ&ÁÑ×Ë¼-Ô
-200
-100
0
100
200
300
400
500
600
700
800
0.5 1 1.5 2 2.5 3
G
V
D
, p
s/n
m
/k
m
wavelength, µm
0.8
1.4
2.0
~TWd5ZE\[]

âÂ+
g©hjilk¤
}s¡YkGwelkYvzGwlo¡YkszartOempoqkvxmzG/}Ym~}è|ÖweerutzGnzY|Etilk

}s¡YkskslYtiÄhjilkPrwlv¡YkPtpz1tilk¤k|WtruzYvxvksmpoqzGeemtpzﬁl
ë
Í0Ù Ë[7)?
tilkUrwev¡Yk1tilkUruks;tpkv3ruzYvvksmpoqzGeemjtpzBl
ë
ü¢ÙPNt7)?5Aiek3tilk
rwlv¡Yk3tpz/tilkvxGi;tjruzYvvksmo¯zGfem
tpzFl
ë
Ê:ÙÆÍZ7)
Q"S
¨ ©«ªA¬®­v¯.° u
v
ﬁ µ Ì w  Ø 	ýIÎ x 
ÝÌ Øﬃ
 ﬂ Ì    "Ø
µtilkÂoevksrukseerxie}oftpkvxmŁkuÒ}Yyo5ksmUzY|~YvzGwlo¡Ykszart,empoqkvxmzG?yruvz
mptpvxwerutwlvxksèeqkvxmKie}s¡Ykjqkksèmilz[~ètpzUwemptpvx}tpkmpzGyk³f}Ymxr
×;we}YtksmKèÃ§
¨Km
µÑtiemØrxie}oetpkv¥ayruvz,mptpvxwerutwevkseqkvxmØlksmGeks/mpoqksrfr}Y1|WzYvtiekAofwevoqzGmpk
zY|IYvzGwlo¡YkszartOCempoqkvxmxzGÂ~qqkUlksmxruvxqks£ØÇksr}Ywemk1zY|Ktilk1oevzYtpksrutzG*zY|
µÃ"}Yeof}tpks;tlÂvxGi;tmqzGeC}Ñ|Wk$kul}YyofksmAAÄqkŁmilz¥A£Uat 5mpzGykèzY|
tilk~ofi;Òmrm9ksyofz¥YksÑtpz1lksRt|áŁoqzGmmfkjlksmGvxzGwltpksmAÒqkjG¡Yks£Ò}YmØØks
}Ymjkul}Yyofksm³zY|KmpzGykUzY|QtieklkoevzYoqkvtksm
tie}t~y}¥Âqk3zYet}Ylks£
leÙ-Ú
Ö
zyu9Ý=!;
1
ä
!	!<É4GÝ{# Ý=4
D
ß|a!6-4
1
ÓZÞ
Ö
-<Bß,9Ý/å
<(4G
ð
4G	 ßﬃ</=(4G
hjilkClkks|WzYv/emo¯kv¦mzGruzGyo¯ksfm}tlÎeqkvxmèzYoetr}Y³lÈÒmèmèr}Ywempksúa
}YlzGy}YzGwem~empoqkvxmzGÑ}tUüY"YÍÑeyý
}s¡YkskslYti*mpt}Yef}vxmptpkol,flkuÑeqkvxms
Ï¤lkruzGwelksmGnzYoetr}Y£eqkvxm
~tieks}v~økvz/fmpoqkvxmzGÂ}tUüY"YÍÑey-
}s¡Yku
kslYtitiemqilz[Øk¡Ykvs£zGwe*Yvks}t*|W}Yrt}tpkèweelksmvkslzGflks}vAkuù¯ksrutm3
tilk³eqkvxmh¶PY"SO¸©}¤mpkvxzGwfmIruzGerukvx}Ym9mpt;ifGilkvKft Ôvx}tpksmsR}Yempt;yzYvxk
r¦ie}YÒ
lksm
}vkr}vvxksÑa/ks}Yr¦izYoetr}Y¯eqkvsI¨lzYvAieGiÂr}of}Yrt,nzYoetr}Y¯lÈÒmØt~ 
tilkvk|WzYvkY;qk~}Ye¡Ì}Y;t}YkzGwemtpzUksyo5z¥èzYoetr}Y5lÈÒmK~ti/lzGøkvzŁempoqkvxmxzG£
ti;wemQksl|WzYvxre~tilk³lkks1|ázYvIemptpvxfwetljemo¯kv¦mzG3ruzGyoqksem}tlAf¯kv¦m©}YzGl
tilkzYoetr}Y©lÈ¯
ªAmefr}tpks"atiekkul}YyofksmzY|ŁYvxzGwlo®¡YkszÒrtOempoqkvxmzGyruvz
mptpvxwerutwlvxks(eqkvxmEÃÇj¢-f¯kv¦m¤Ykslkvx}Y?ie}¥¡YkÑ}o¯zGmxt¡YkYvzGwlo¡Ykszart,(emp
o¯kv¦mzG£&µt³ØzGwe£Òtilkvk|WzYvkYfmpkksy-tif}tjtilklksmGem³milz[~n~¯lzYt³zùqkvA}Y;
}Yl¡Ì}Y;t}YksmÂyzGmptzYoetr}Y³lÈÒm9meruknzGlkYksekvx}Ylkkstpz(ruzGyoqksem}tpk
aÌÍ
}¼½Z¿åÔ~/ËÌ?½ZÀ-ÁR» Òﬃ;Á)Ô?ÔÄË¼-Ô(ÁÃ½Oº

½[ÔÄËº`ÔÕZ»ÂÁÃ½Oº
}YlzGy}YzGwem~empoqkvxmzG£pAz¥k¡YkvsfzGekmilzGwenlzYt³|WzYvYktjtiek¤yoqzYvt}YRt
oqzGmm
ftO1zY|ÄeksmGeeUlkzYoftr}Y5lÈÒmK~ti/ekG}t¡YkAYvxzGwloÑ¡YkszartOempoqkvxmxzG£
tilkvkaruvxks}tl(}(y}vxÈYkt|ázYv/eqkvxmŁ~tiúmptpvzGe(}YlzGy}YzGwem/empoqkvxmzG}Ym
YvzGwlo¡YkszÒrtOèfmpoqkvxmzGèruzGyoqksemx}tl3eqkvxmIÒerukjmxlGku,yzÒlk³mptpkol,elku
eqkvxm³lzlzYt³zùqkv~tilk3oqzGmmxft,zY|KmptpvzGl/}YezGy}YzGwem³empoqkvxmzGÑtiem
oqzGmm
ftOÑie}Ym~lk¡YkvjkulmptpkswfRt¯tilk1}Yl¡YksRt~zY|Ky/ruvz,mptpvxwfrutwlvksneqkvxm
Ðruvz,mptpvxwerutwevksf¯kv¦mtie}tèlz*ezYt1Gwelk/Gi;tUa?tilknÃÇj¢kuù¯ksrutèfwet
;úyzÒeeksúhEzYt}YPRtpkv¦e}Y³vkeksrutzGie}¥¡Yk*tilko¯zGmxmft,(zY|¤zùqkvxl¯zYti
o¯zGmxt¡Yk(ÓÖwloútpz>îeQÍYÍÎo5m¦«ÌeyÑ«[ÈÒyÑÕŁ}YeúlkG}t¡YkÓÖlz¥Atpz}oeoevz¥Òy}tpks(
ÊÍYÍYÍÑo5m¦«ÌeyÑ«[ÈÒyÑÕYvzGweo¡YkszÒrt,CfmpoqkvxmzGÂ~titilk1mxyofk3tpv¦}YlGwe}v~eqkv
lksmGem¤miez¥~tiemP|Ö}vsµ|9zGlkr}Y?}Yrrukoetek$zYoftr}YIlÈÒm¯~ilkvkŁtilkemp
o¯kv¦mzG?ruzGyoqksem}tlCeqkvxm3miezGwe?ie}¥¡YkÂ}YlzGy/}YzGwemempoqkvxmzG££tieksÃÇj¢
eqkvxm3ie}s¡Yk/tilkoqzYtpksRt}YKzY|
ifGiÎempoqkvxmzG¡}YwlksmvAz¥k¡YkvsK}YKtilkf¯kv¦m
emrwemxmpksmpz|Ö}vØif}s¡Yk¤ruzGyUflksieGi/empoqkvxmzG1Atimy}YeyzÒlk~}vks}YmÒks}YÒ
ltpz?o¯zYtpks;t}Y
oevxzYfksym1~tilzGelks}vxtksmU~tietilkneqkvxms9}YmèØks
}Ym
o¯zazYv~ruzGwlo5lŁqkt,kksCeqkvjeÈam
leÙÓØ
#Ý=4
D
ßqa!6-4
1
ÓZÞ«
8Ñx9Ý=
1
=àçG Ð`8=ò
ð
4;;BÝ=h<#
ªýt,aofr}Y9zYoftr}Y9eqkvUeksmGlks|ázYvŁempoqkvxmzGruzGyo¯ksfm}tlCo5wlvoqzGmpksm3~
ie}s¡Yk}YvxzGwlo*¡YkszartOCempoqkvxmxzGnzY|9}oeoevz¥Òy}tpksnxüÍYÍÂofm¦«ÌeyÂ«[Èayjh~iemjm
}1×awetpkPyzaeksmpt¡}YwlkYaruzGyof}vksÑtpz1tiekAYvzGweo/¡YkszÒrt,ÑempoqkvxmzGè¡Ì}Yweksm9tie}t
}vk³}tpt}Ye}fk~tièyruvz,mptpvxwerutwevksUf¯kv¦mKµtQmQ}Ye¡Ì}Y;t}YkzGwemItpz3;¡YksmptG}tpk
~iR(Ã
§
¨KmUzùqkvètilk/oqzGmmxft,zY|jyzYvkÂekG}t¡YkÑYvxzGwlo¡YkszartO(empoqkvxmxzG
tie}YnxüÍYÍo5m¦«ÌeyÑ«[ÈÒy
hjilkjmpt}vxtl3oqzG;tQzY|¯tilk~}Yf}YamxmKmItilk³kuÒoevksmmxzGè|ázYvtilk³YvzGwlo¡YkszartO
|ázYv~}GwelksyzÒlk"^
8
	
ë
ï
¤
¡
~9T:
Óôì¥í
¦
Õpé¬dKÆ
9
:
ÓÂø(ôìní
¦
Õ_éå7KÆ
ÓÂQaü¥Õ
¨lzYv¤myofrt,/ØkAq}Ymmweyk3tie}tjtilkUyzalkelkuÂez;ksmAlzYt~rxif}YlYkUm
efr}Y;tC*tilkè}¥¡YkskslYti?vxkGzG~tilkG}t¡YkYvzGwlo¡YkszÒrt,empoqkvxmxzG
ÓÖruzYvvksmpoqzGeel¤tpz}Y}evxwloftKweo;
}vxrwlv¡}twlvk³zG/}3rwlv¡Ykjmilz[~l¤tilkjyzalk
elkuú}YmÑ}(|WwefrutzGúzY|3tilkC
}s¡YkskslYti5Õ¦ÁÒfruktilkYvzGweoû¡YkszÒrt,ûempoqkvp
mzG?m3lk5lks?}Ym




Ł
mptpvzGlClkG}t¡YkYvzGwlo?¡YkszÒrtOÎfmpoqkvxmzG*}tU}nG¡Yks
yzaeku,elkuCruzYvvksmo¯zGfemjtpzn}ÑmxGefr}Y;t~r¦ie}YlYkCtiekU¡}YwlkUzY|tilk1;tpkYvx}Y
9;:
ÓÂø(ôìjíO¦Õ_éåKKÆ%ÓÂQaü¥Õ¦hjiem~}G}YruzYvvksmpoqzGefm~tpzn}ÑmxGefr}Y;tAr¦ie}YlYk
Âtilk3¡Ì}Ywlk¤zY|Etilk3}¥¡Ykvx}YkUYkzGyktpv¦r}YÄvk|Wvx}Yrut¡YkelkuÓWk¡}Ywe}tpks|WvzGyýtilk
mpof}t}Y£fksemptpv¦fwltzG¯ÕI}Ym³tilkU|ávks×awlkserunm³}Ytpkvxks£
a ü
}¼½Z¿åÔ~/ËÌ?½ZÀ-ÁR» Òﬃ;Á)Ô?ÔÄË¼-Ô(ÁÃ½Oº

½[ÔÄËº`ÔÕZ»ÂÁÃ½Oº
Ï¤lkYØtilkvk|WzYvkYmkktilkvks}YmpzGúweflkvxÒl*tilkC;wfykvxr}Y(}vYkYvzGwlo
¡Ykszart,¡Ì}Ywlksm|WzGweeûúÃ
§
¨Km
ruzGyof}vksútpzmptpkoflkuf¯kv¦mÒeruktilk
vk|áv¦}Yrut¡Ykelkuúrxie}YlYk*qkt,kks}YvÑ}Yemr}?mmGefr}YRt}vxYkv/tie}Y
tilk3elku/eù¯kvksfrukAqkt,kkstilk¤ruzYvk}Yenr}YfelŁÑmtpkonelku/eqkvxmsRtiem
ks}Yem
tpzyzYvk3oqz[Økv|Öwe¯YvzGwlo¡YkszartOÂfmpoqkvxmzGÑnyruvz,mtpvxwerutwlvksÂeqkvxms
ksmpoqksr}Yè~ilksÑtilk¤}Yvfe3|ávx}YrutzGÑzY|£tiekPr}YfelUmØ}vxYkY9~TWd5ZE\[]
Kâ
£
}Ympz3milz[~mKtie}tKtilk³lzYvxy}YøksŁ}¥¡YkskslYtivkGzGè~tiŁmptpvzGl¤YvzGwlo¡YkszartO
empoqkvxmzGeruvks}YmpksmU~ti?tilkÑ}Yvfln|áv¦}YrutzG(zY|
tilk/r}YeellﬃOtQtilkvku
|ázYvkYq}oeoqks}vxm~tie}tAmptpvxzGlÑlkG}t¡Yk1YvzGweo¡YkszÒrt,CfmpoqkvxmzGnruzYvvxksmpoqzGeem³tpz
}*my/}YkvUyzÒlkÂ}vks}tif}YtilkÂruzYvvksmpoqzGeflCyzÒlkÑ}vxks}zY|³eqkvxmUlksmGlks
tpzkuÒieftAaweykv¦r}YC}vxYkŁoqzGmt¡Yk1YvxzGwloÎ¡Ykszart,ÎempoqkvxmzG}t3}lksmvxks
}¥¡YkskslYti£
¨lzYv3yruvz,mtpvxwerutwlvkseqkvxmjtpzÂqkUmwerruksmxmp|Wwf©}Ym¤empoqkvxmxzGruzGyoqksem}te
eqkvxm©zGekÂyŁwemptŁlksmG?f¯kv¦m~ti}*aweykvxr}Y*}vYkÑlkG}t¡YkÂYvxzGwlo¡Yku
zart,(emo¯kv¦mzGÎ~iekksemwlv¦lC}Ykuù¯ksrut¡YknyzÒlkÑ}vxks}tie}tèm1ruzGyof}tfk
~titilkieGiftPvx}tpksm¤kuÒoqksrutpks(*tilkruzGyy1wfer}tzG?lÈam~zY|ØtiekŁ|ÖwltwlvxkY
ªÁlksmxGnvzGwltpk3|WzYvjmwer¦i}èeqkv³~5qkPtiekPtpzYo5r¤zY|EtOØzÑmwlfmpks×awlks;t³mpksrutzGem
leÙÉ
°
4:<Ó(çG`#Ý=4
D
ß|a6(4
1
àyÞ
Ö
(<ß,9Ý=<(4G
ªArruzYvxfltpz~TWd5ZE\[]
'âÂ
£ atilk~oqzGmt¡Yk³YvzGwlo/¡YkszartOempoqkvxmxzGŁzarrwlv}t}
my}YkvAlzYvxy}Yøksn}¥¡YkskslYti*vkGzGCtif}YtilkUlkG}t¡Yk1YvzGweoC¡YkszÒrt,emp
o¯kv¦mzG£ØÐ*ruvz,mtpvxwerutwlvksCeqkvxmjlksmGlksn|ázYvPruzGyoqksem}te/ruzGyyŁweer}tzG
lÈÒmK~tilkG}t¡YkjYvzGwlo¡YkszartOempoqkvxmzGU~ tilkvk|WzYvkY;if}s¡YkA}vYkvruzYvk
møksmetif}YCÃ§
¨KmAlksmGlksntpz/kuÒieft³mptpvzGlÑlkG}t¡YkUYvxzGwloC¡YkszÒrt,empoqkvp
mzG£ Pl|ázYvxtwee}tpksYÄtiek/;wfykvxr}YKemo¯kv¦mzG*¡Ì}Yweksm¤zY|
Ã
§
¨Km3lksmGeksÎ|ázYv
mptpvzGloqzGmt¡Yk³YvzGwlo¡YkszartOempoqkvxmzGŁ}vxk~my}YkvItie}YtilzGmkjtie}ty}¥qk
zYet}Ylks~tieqkvxmPlksmGlks*tpznie}s¡Yk}vxYkŁlkG}t¡YkŁYvxzGwloÎ¡Ykszart,empoqkvp
mzG£
ªArruzYv¦eltpztieklkv¦¡Ì}tzGtilkoevksrukseempksrutzGÄjtilkÎlzGye}tl
vks}YmpzG|ázYvÑtilk*aweykv¦r}Y}vYklkG}t¡YkYvzGwlo¡Ykszart,ûemo¯kv¦mzGúy}Ylk
o¯zGmxmfkèÃ§
¨Km;mKr}Ywempksa1}Y}ev¦wloetKrxie}YlYkAŁtilk
|ávx}YrutzGzY|ftilkjyzalksm
kslkvYûtie}tÂmÑoevzYof}G}teû}YvÎÓÖru|µÉ~TWd5ZE\Ì]

â
¢eÕ¦É~z[Øk¡Ykv¥A|WzYvÑf¯kv¦m
kuÒieftl1mptpvzGlèoqzGmt¡YkPYvzGwlon¡YkszÒrtOÑemo¯kv¦mzGtilk3empoqkvxmzGm}vYks
r}Ywempks*;}YlzYtilkvPofilksezGykslzGy³×awe}tzGÓÂQaü¥Õjmxilz¥~m~tie}tPYvzGwlo¡YkszartO
empoqkvxmzGy}¥}Ymzqk?r}Ywempksﬁa}rxif}YlYk(tilkÎkuù¯ksrut¡YkyzÒlkelkuq
k¡Yks?tilzGwlGiÎlznmGefr}YRt¤rxif}YlYksm3zÒrrwlv3tiekèRtpkYvx}Y
9;:
ø(ô¤ìtíH¦Jé¢d7ÆU
hjilk?oqzGmt¡Yk?YvxzGwlo¡YkszÒrt,"empoqkvxmzGmtpz}}vYk(kuÒtpksRt*tilk?vksmwftzY|
tilk/eruvxks}Ympktilkkuùqksrut¡Yk/yzÒlkflku}Ym3tiek|ávks×awlkseruÎm3fruvks}YmpksûÓWtilk
aÊ
}¼½Z¿åÔ~/ËÌ?½ZÀ-ÁR» Òﬃ;Á)Ô?ÔÄË¼-Ô(ÁÃ½Oº

½[ÔÄËº`ÔÕZ»ÂÁÃ½Oº
mGi;t3lksruvks}Ympktilkè|Wvx}YrutzGÎzY|tilkèekstie}tmPoevxzYof}G}tlÎ}Yv3}Ym3tilk
|ávks×awlkseru(m1fruvks}Ympks£I}Yrutwe}Y(ks}Ytpz?lkG}t¡YkÑYvzGweo¡YkszÒrtOempoqkvxmxzG
}Ye£Ytilkvk|WzYvkYaruzGweRtpkv¦}YrutmItilkj}YlzGy}YzGwemIempoqkvxmxzGruvks}tpks/;1tilk³eruvks}Ympk
zY|Qtiek3kuù¯ksrut¡YkŁyzÒlkelkufÕ¦
Ï¤lkny}sruzGerwelkÂtie}tèyzYvkÂoqzGmt¡YkÑYvzGwlo¡Ykszart,fmpoqkvxmzGÎzGwe
¯k~o¯zGmxmfk³|qzGlkAruzGwe/eksmG}Ueqkv9~ti}YÂeruvxks}Yml3|Wvx}YrutzG/zY|£tilkjeks
oevzYof}G}te}Yvj~tiÂeruvks}YmeŁ|Wvks×awlkseruYh~iem
m
kul}YrutntilkoqzGmm5tO
zù¯kvksaÎÃØÇj¢-eqkvxm~ti(}Cz¥ýelkuÎruzYvkÑvxkGzGÓÖru|µk~TWd5ZE\[] 
âÍ
Õ}Ye
tiemmRtilkvxk|ázYvkYatilkPy}Yvxks}YmpzG/AiRÃÇj¢eqkvxm9zùqkv
yzYvk~oqzGmt¡YkjYvzGwlo
¡Ykszart,empoqkvxmzGÂtie}YÃ§
¨Km~~ti}Ñmyo5kmptpkoÎelku}Ye}YzYYYq}YmAmkks*
kY l~TWd5ZE\Ì] 
âþ

=<'ó=<?> @BADCÝ]^RTSaQbC [ ]^RﬃIdC^AR)L\RTUGV_]^I\ôDJML\ZQOEHG?õC,I
Ðruvxz,mptpvxwerutwlvxksf¯kv¦m/zùqkvntilkÎo¯zGmxmft,zY|Uaweykvxr}Yú}vYk?lkG}t¡Yk
YvzGwlo(¡YkszÒrtOÎfmpoqkvxmzGÄ¯ilz[Øk¡Ykv¥Etiem3m3ruzGwlofksÎAti?my}YIruzYvxkvkGzGem
}Ye?my}YQkuùqksrut¡YkÑyzalk}vks}YmUÎtilkèf}Ymrèyruvz,mptpvxwerutwevksÎeqkv3lksmGems
 ?kŁlz[®twlv¦tpz/tilkUtpzYofr3zY|9lksmxGel}/eqkv³~tiCmptpvxzGlÑempoqkvxmzG£a~iek
y}Y;t}Yel}vxks}YmpzGe}fkruzYvxku,møkY
hjilkÑf}Ymrlks}weflkvxÒlntilkÂlksmGy}s(}Ymzqk/}oeofks?tpzÎmpt}Yee}vx
zYoetr}Y¯eqkvxmÄ~TWd5ZE\Ì]
=âÂ
miez¥~mtilk¤vx}Ye}Yf¡}vx}tzGÂzY|ÄtiekPvxk|ávx}Yrut¡Yk¤elku
zY|}nmpt}Yef}vxzYoetr}YKeqkv3lksmGeks*|WzYv3mptpvzGlCekG}t¡YkYvzGwlo?¡YkszÒrtO*emp
o¯kv¦mzG£Ä Ctilk1ruksRtpkv¤m³}/ruks;tpvx}YEruzYvkuÔvkGzG~tiC}vxks}t¡YksnieGiCezYof}YRt
k¡Yks Ï¤wltmek1tiem3elkv3ruzYvkm¤}r}YfelÂvkGzG?rv¦rweymruvx¯ks*a*}ruzYvk
~tin}èvxl,ÈYkAmif}o¯kYØÏ3wltmlkAtiem
vxl1mif}o¯ksnruzYvk/ÓWtiek3zGwltpkvjruzYvk[Õ
mtilk
zGwltpkvAr}Yfell
hjilkÂvk|Wvx}Yrut¡Yknelku?zY|jtilkneekv1ruzYvkm1rxilzGmpkstpzÎqkÑieGilkvUtie}Ytilk
vk|áv¦}Yrut¡YkÂelkuÎzY|³tilk/zGwltpkvèruzYvkYÇzYtiruzYvksm1ØzGwf(Gwelk/}C|Öweef}YyksRt}Y
Gwelks(yzalkÑ?tilk/}5mpkserukzY|³tilk/zYtilkv1ruzYvkYkAz¥k¡Ykvs9mfruktilk/}vks}zY|
tilkUeekv
ruzYvxkUmjmy/}Ykv³tie}Ytiek}vks}zY|Ktilk3zGwltpkvPruzYvkYetilkkuùqksrut¡YkUyzalk
elku?zY|³tilkÂyzaekÑmwlofo¯zYvxtpks?;ÎtilkneekvUruzYvkÑmUz[Økvètie}Ytilk/kuùqksrut¡Yk
yzaek/elkuÎzY|
tilkÑyzalkÑmwloeoqzYvtpksÎaÎtilk/zGwltpkvŁruzYvkÑ}t1}¥¡YkskslYtiem1tie}t
}vk³zGlYkvKtie}YŁtilk
}¥¡YkskslYtivxkGzGŁ~ilkvk
mptpvzGl3aweykvxr}YRYvzGweoŁ¡YkszartO
empoqkvxmzGm9zYfmkv¡Yks£9ª
t
milzYvtpkv}¥¡YkskslYtiemsatiekAyzÒlkAelkuzY|£tilkAyzalk
mwloeoqzYvtpks*;*tilkelkv¤ruzYvkm¤ieGilkvAtif}YÎtilkèkuù¯ksrut¡YkyzalkèeekuzY|tilk
yzaekUmwloeoqzYvtpksÂantilkzGwltpkvPruzYvkYfqksr}Ywempk3zY|Ktilk1}vYkvjvk|Wvx}Yrut¡YkŁelkuÂzY|
tilkUeekv
ruzYvxkY
ªAmŁ(×awe}Y;twey o5iRÒmrmEtilkÑfmpoqkvxmzGÎrwlvx¡YksmUr}YelzYtŁruvzGmm1ks}YrxizYtilkvs
hjilkvk|WzYvkYKtilkÑyzalkÂelku?zY|³tilkÂelkvŁruzYvknr}YelzYt1ruvxzGmmUtiekÂyzÒlk/elku
zY|Etilk3zGwetpkv~ruzYvkY! emptpks}Y}s¡YzGlksruvzGmmeŁzÒrrwlvxmp9tilkyzÒlksm³mwloeoqzYvtpksÂa
aþ
}¼½Z¿åÔ~/ËÌ?½ZÀ-ÁR» Òﬃ;Á)Ô?ÔÄË¼-Ô(ÁÃ½Oº

½[ÔÄËº`ÔÕZ»ÂÁÃ½Oº
Refractive index
~TWd5ZE\[]
=âÂ
gElrxilksy}trvkofvksmpks;t}tzGUzY|ltiekvk|Wvx}Yrut¡Yk
elku¤zY|eruzGwlofksUruzYvk
f¯kv¦m3ÇØzYtiÎtiekèruks;tpvx}YIruzYvkèvkGzG£Ä}YetilkèzGwltpkvL vxlLqruzYvk
r}YGwelk3GiRt
tilkt,zCruzYvkuÔvkGzGfmruzGwlofkŁtpzks}Yrxi(zYtilkvUks}Yel/tpzC}oLÆmweo¯kv¦yzaek"L 
}Ym¤tilk
}¥¡YkskslYtimKlksruvxks}YmpksèzGlk³yzÒlk
~tiŁ}Avxks}t¡YksUifGilkvIelkuUeruvks}YmpksmItm
o¯zYvxtzG¤zY|ÒtilkIkslkvY¤~tifPtilk9elkvÄruzYvxk9vkGzG/ÓWAiekIlksruvks}Ymxljtm£ksekvY
~tietilkèzGwltpkvruzYvk[Õ¦©ks}YelÑtpzn}nlkG}t¡YkYvzGwloÎ¡YkszÒrt,empoqkvxmzG£Aª
t
tilkjm}Yyk³tykj}YlzYtilkv9yzÒlk³zY|ftiekjmwloqkvxyzÒlk3ÓW~ti}¤vks}t¡Yks1z[Økv9yzalk
elkufÕjeruvks}Ympksm¤tmPoqzYvtzGzY|tiek1ekstilkèzGwltpkvruzYvxkY©ruzYvvksmpoqzGefltpz
}oqzGmt¡Yk¤YvzGwlo¡Ykszart,empoqkvxmxzG£
hjiem~lksmG*m~lzYtAtilkUtO;o5r}Y©lksmxGCzY|9}ÑempoqkvxmzGÂruzGyo¯ksfm}tlÑeqkv
tpzae}¥/ÓÖlksmpoftpk9tm©}ft,AzY|Òaksel
YvzGwloU¡Ykszart,emo¯kv¦mzGA¡Ì}Yweksm©¤kulruksmm
zY|£iYÍYÍYÍŁofm¦«ÌeyÑ«[ÈÒyÑÕ¦amerukPtØie}YmmpzGykAØks}ÈÒlksmmksmhEzUzYet}YÂ}Uaweykv¦r}Y
}vYknempoqkvxmzG?¡Ì}YwlksmKtilknyzaeksm1mweoeoqzYvtpks(a?tilkÂzGwltpkvruzYvkmilzGweqk
ofiRÒmr}Y¤Øksampkof}v¦}tpks1|WvzGy$tilk
yzÒlkØmweoeoqzYvtpksatilk
elkvQruzYvkYIhjilkvku
|ázYvkYftilkvx}Ye}Y£empt}Yeruk3qktOØkkstilkzGwltpkvPruzYvkU}YetiekelkvjruzYvk1y1wemtjqk
vks}t¡Yks}vxYkY!µ|EtilkUvk|áv¦}Yrut¡Yk1flkuÂmptpko*qkt,kkstilkUzGwltpkvAruzYvkŁ}Yetilk
r}YeeemŁmy}YPÓW~ier¦imŁlksruksmmx}v(tpzksemwlvkÂmlGku,yzaekGwee}Yfruk[Õ3tilk
eqkvsRtilkvxk|ázYvkYÒkulieftm9y}YruvzÔqkseelUzGmmksmqksr}YwempkPzY|£tilk¤}vYkAvx}YewemzY|
tilkØzGwetpkvQruzYvkYIhjifm©r}Y1qkØ}s¡YzGlksUaUr¦ilz;zGmxlA}A}vYkvQvk|Wvx}Yrut¡Yk
elkumptpko
¯ktOØkks(tilkzGwltpkvUruzYvk}YfÎtilkr}YeelÑ}ttiekèruzGmtzY|tilkf¯kv¤qksruzGye
y1wetyzÒlkYQh~ilkvk|WzYvkYRzGlkPm9|WzYvxruks/tpzŁr¦ilz;zGmk~qkt,kksÑ}1y1wftyzÒlk³eqkv9zYv
a}N
}¼½Z¿åÔ~/ËÌ?½ZÀ-ÁR» Òﬃ;Á)Ô?ÔÄË¼-Ô(ÁÃ½Oº

½[ÔÄËº`ÔÕZ»ÂÁÃ½Oº
}Ñf¯kvAtie}t¤m~qksefllzGlvxksmmpt}Y;t£|ImwerxiÎ}vxYk1YvzGweo*¡YkszÒrtOempoqkvxmxzG
¡Ì}Yweksmj}vkUlksmxvkswemlmptpkoeekuÑeqkv³tpksrxiflzGzYYY
hjilkÑvks}YmpzG|ázYvŁtilkÂ}vYk/v¦}YewemUzY|³tilkÑzGwetpkvŁruzYvkuÔvxkGzGmtilknlkkszY|
}Yzazampof}t}Ympkof}v¦}tzGqktOØkkstilkÂyzaeksm1mweoeoqzYvtpks?a?tilk/zGwltpkv}Ye
tilkCelkvruzYvkYqAz¥k¡Ykvs³ksyo5z¥Òl?yruvxz,mptpvxwerutwlvxksf¯kv¦m}ÎYz;zÒûmpkof}Ì
vx}tzGqkt,kkstiekÂyzÒlksmèmwlofo¯zYvxtpks(a?tilkelkvŁ}YetiekÑzGwltpkvruzYvkr}Y
¯k1zYet}YlksÄ5~ifkUr¦ilz;zGmxlÑ}Ñvks}YmpzGf}fkÓÖmy}YkvuÕ
vx}Ye}Y©emt}YerukUqkt,kks
tilk/tOØzÎruzYvkÂvkGzGemÇ(mpkof}v¦}tltiekt,zruzYvxkÑvkGzGem~ti}YvŁilzGksmU}
y1wer¦iz¥kv³kuùqksrut¡YkUr}Yefl1elku/r}YnqkAzYft}Ylksnqkt,kksntilk¤t,zruzYvksm
tilkvkaÂytlUtilklksruksmm}vxÑvx}Yf}Yqmøk¤zY|Etiek¤elkv³r}Yeel1vxkGzG£9hjiem
}G}Yks}Yètpz3tilk
oqzGmmftO¤zY|¯}¤my}YkvKvx}YewemQzY|5tilk³zGwltpkvruzYvk³tif}t9y}sŁqk
ksyofz[YksCtpzzYet}Ynvks}YmpzGe}fk3¯ksfelèzGmmpksmj~iekPÈYkkofetilkeqkv³mlGk
yzaekY
Çksr}Ywempk³zY|ftieklkksŁzY|5oevzYtpksrutl; Ã?}YeŁof}tpksRtlAv¦GiRtmsYtiemQyoqzYvt}Y;t
}Yeèlz¥¡YksaeqkvEeksmG1~GezYtEqk
lksmruvxqks1lkt}Y K emptpks}Yè}PmyofklksmG
lks}AqqkUmilz[~£¯}YzGl~ti}Y*kuÒ}Yyo5kzY|Itilk1YvzGwlo¡YkszartOCempoqkvxmxzG
¡Ì}Yweksmjtie}tP}vk1}tpt}Yf}fkY
hjilkf}YmxrlksmGCm~mxilz¥~¥~TWd5ZE\Ì]
'â)
Aierxi
milz¥AmŁ}ÎieGieekuelkvŁruzYvknvkGzG"ÓÖlzYoqksAtikY l?Ykv¦y}YeweyÂÕ¦hjiek
r}YeeePruzGemxmptQzY|¯}YvIilzGksmjÓÖmy}YÒ}YvKflj|Wvx}YrutzG5Õ©zG}¤tpvx}YlGwe}vK}tptrukY
hjilkzGwltpkvPruzYvkUvxkGzGm~ruvks}tpksanzGytptempzGykUzY|Ktilk1r}Yeeeè}YvAilzGksm
ÓÖm *}Yv3ilzGksmA}vkèvksyz¥¡Yks(*tilkŁkuÒ}YyofkèmptpvxwerutwlvxkYqruvxks}tl}nilzGlkÒruzGyU
ÈYk¤zGwltpkv~ruzYvk3vxkGzG5Õ¦9hjilk3flkv³ruzYvk}Yentilk¤zGwltpkv~ruzYvxkm³mpkof}vx}tpksC|ávzGy
ks}YrxizYtilkv/atilkm kse}vxYksûelkv¦yzGmpt}Yv/ilzGksmÇksr}Ywempk*zY|¤tilksmpk}Yv
ilzGksmØtilk~zGwltpkv
ruzYvk¤møk~r}YÂqk~y}YekAmy}Ykv9tie}YÑ~ilksÑlksmGel3tiemt,ao¯k
zY|Eeqkvjwemxlèmptpkoeeku/eqkv
tpksrxielzGzYYÂtievzGwlGilzYoflèzY|Qmr}ÒÒilz¥k¡Ykvs
tilk¤ofiRÒmr}Y¯oev¦erofksmIksemwlv¦l1}vYk3lkG}t¡Yk3YvzGwlo¡YkszartO/¡}Ywlksm³}vk¤tilk
m}YykY
ªAm*}Y"kul}YyofkwATád¯Z©\Ì]
=âÍ
milz[~mCtilk(r}Yrwe}tpks®yzalk(elkuzY|ètilk
GwelksyzÒlkètie}t3Gi;tPmPruzGwlofksRtpz?ÓWvks?rwlv¡Yk[Õ¦Ä}Ym¤ksQ}Ym¤tilkr}Yeel
elku(ÓWfwlkrwev¡Yk[Õ¦h~kvk1tilkUe}Yyktpkv~zY|KtilkzGwetpkvPilzGksmjm~ÍÒ þ¢lAftiek1e}Yy
ktpkv3zY|ItilkŁmx Ckse}vYkseekvA}Yv¤ilzGksmPm~ÍÒWQ¢l®~iektilkUvxk|ávx}Yrut¡YkèelkuzY|
tilkÑflkvruzYvkÑm3vx}Ympks(;?ÍÒÆÍGþaÇksz¥ tilk/r}YfelCflkurwlvx¡YkÑmmxilz¥~
tilkyzaek1eekuCzY|9tilkèmpksruzGeÎzYvxlkv¤yzÒlkŁGwelks;CtiekŁzGwetpkv¤ruzYvxkuÔvkGzG£
ilz¥k¡Ykvs³|WzYvtilklzYv¦y}Yøks
}s¡YkskseYtiûvkGzGlkofrutpksútifmyzÒlkCmlzYt
GwelksmxerukjtmØyzaekjelkumIqksz[ûtilkjkuùqksrut¡Yk¤r}Yeee¤elkuqI§zGy1feks
~tiŁtilk³Yvkksrwev¡YkYGtilk³vksrwev¡Ykjmilz[~mKtilk³yzÒlku,elku1zY|5tilkjmxwloqkvp,yzÒlk
Gwelksaètilk~f¯kv¥Qª
tzGl
}s¡YkskseYtiemtiekAyzÒlk~ruzYvvxksmpoqzGeel¤tpz1tilk~vks
rwlv¡Yk¤m9Gwelks/tilkAzGwetpkvruzYvkÓÖruzYvvksmo¯zGfel3tpzŁtilkAyzYvkAilzYv¦øzGRt}Y5of}vt
zY|³tilk/vksrwlv¡Yk[Õ¦I~ifkètilkÑyzalkÑGwelks(;?tilkÂelkv1ruzYvkÑmUvkoevksmksRtpks
;tilkŁYvkksrwlv¡YkYPª
tPmiezYvtj
}s¡YkskslYtifm¤tilk1yzÒlksmPie}s¡Yk,LÆmp~trxilks=L¯ruzYvksm
acY
}¼½Z¿åÔ~/ËÌ?½ZÀ-ÁR» Òﬃ;Á)Ô?ÔÄË¼-Ô(ÁÃ½Oº

½[ÔÄËº`ÔÕZ»ÂÁÃ½Oº
~TWd5ZE\[]
=â)
gElrxilksy}trvkoevxksmpksRt}tzGCzY|I}/empoqkvxmzGnruzGyoqksem}tlyruvz
mtpvxwerutwlvks(eqkv3~ti(ruzGwlo5ks(ruzYvksmnhjilkzGwetpkv1ruzYvkÑvkGzG(m
tiekm ÂiezGlkaruzGy1l,ÈYkmr}1vkGzGfmlmwlvvzGwfeel1tilkQeekvp
yzGmptkse}vYks"}YvxilzGksm hjilkÎkse}vxYks"}YvCilzGksmnoevxk¡YksRttilk
yzalk~oevzYof}G}te1}ttiekAwlol,ezYo¯ks/elkvruzYvxk~vkGzG/|ávxzGy%ruzGwÒ
o5lÎtpztiekyzÒlkGwelksû;tilkzGwetpkvÑruzYvkY³}t/
}s¡YkskslYtiem
tif}t}vk¤e ùqkvks;t|WvzGyMtilk~
}s¡YkskseYtinvkGzGÑ~ti/aweykv¦r}Y
}vYkUemo¯kv¦mzGÑ¡Ì}Yweksm
yofÒlntie}t1tilkYvkksrwlv¡YkÂlz¥MvkoevksmksRtm1}yzÒlkGwelks(?tiek/zGwltpkv
ruzYvkèvkGzG*~iekUtilk1vxks*rwlvx¡Yk1vkofvksmpks;tmP}ÂyzÒlkŁGwelks*CtilkèeekvAruzYvk
vkGzG£9~TWd¯Z©\Ì]
=âÍ
milz[~mØtilkPezYvxy}Yøks/}¥¡YkskslYtinvkGzG£;Ailkvk~tiekAtOØz
yzaeksm1ruzGwlo5kÑmptpvxzGlG?tpzÎks}YrxizYtilkvÓÖ}YeLÆmp
}oof}Yruk"L Õ¦9ruzYvvksmo¯zGfeltpz
tilk
}s¡YkskslYti*vkGzGC~tiaweykvxr}Y/}vYkfmpoqkvxmzGÑ¡}Ywlksm
hjilkr}Yrwe}tpksúYvzGwloú¡YkszÒrtOempoqkvxmzG|ázYv}Yúkul}YyofkneksmGruzYvvku
mpoqzGeel*tpzw~TWd5ZE\Ì]
'â 
mmilz[~ú.~TWd5ZE\Ì]
'â 
¬~zYtruktie}ttilk
}s¡Yku
kslYti?vx}YeYk~ti?mptpvzGeempoqkvxmxzG*m¤|W}Yv¦e}vvxz¥/ÐzYvk/lkG}t¡Yk/YvzGwlo
¡Ykszart,/empoqkvxmzGèy}¥¯k~zYet}YlksÑ}tØtilkPruzGmptzY|¯tiek~
}s¡YkskslYtinmpo5}Y~ti
lkG}t¡YkjYvzGweo¡YkszÒrt,èempoqkvxmxzGUqksruzGyl¤k¡YksyzYvkje}vxvz¥RzYv9tilk³
}s¡Yku
kslYti?~elz¥ Ati?empoqkvxmxzG*ruzGyo¯ksfm}tl×awe}Ytksm3y/}sÎqkŁksf}vYks(}t
tilk~ruzGmptØzY|qmxy}Ykv9empoqkvxmzGŁ¡}YwlksmKhjilkjyt}tzGèzG/tilkj
}s¡YkskslYtiÂmpof}Y
tie}t³r}YÑqkAzYet}YlksÑ|ázYv
}èlksmvxks/yfy1wfy YvzGwloÂ¡YkszÒrt,/fmpoqkvxmzG¡Ì}Ywek
mQtilk³ytpksŁe ùqkvkseruk
Łtilk
YvzGwloè¡YkszÒrtksmK|WzYvIyzÒlksmKGwelks1aUtilk³eekv
}Yetilk~zGwltpkvruzYvxk~vkGzGfmGvksmpoqksrut¡YksYKh~ilk~e ùqkvkserukAYvzGwlo/¡Ykszartksmm
acQ
}¼½Z¿åÔ~/ËÌ?½ZÀ-ÁR» Òﬃ;Á)Ô?ÔÄË¼-Ô(ÁÃ½Oº

½[ÔÄËº`ÔÕZ»ÂÁÃ½Oº
1.426
1.4265
1.427
1.4275
1.428
1.4285
1.429
0.77 0.775 0.78 0.785 0.79
m
o
de
 in
de
x,
 β/
k 
normalised wavelength, λ/Λ
~TWd5ZE\[]
=âÍ
gÄh~ilkUGwelks*yzalkŁelkuzY|9tiekŁyzÒlkŁwempks*|ázYv3emo¯kv¦mzGruzGyè
oqksemx}tzG*ÓWvksÑrwlv¡Yk[Õ9}Ymksf}YmØtilk~yzalkA~tioqzGmt¡Yk³}¥¡Yk
wflkUempoqkvxmzGÓWYvxkks5Õ¦P¬AzYtrukŁtilkèmptpvzGlnrwlv¡}twlvk1vksmwetl
|WvzGy }ÑruzGwloflè¯ktOØkkstilkUflkvj}YetilkUzGwltpkvAruzYvkUvkGzGem
h~ilkPr}Yeel1elku/mmilz[~Â~ti/fwlkYa~iekjtilk¤mpksruzGenzYvxlkv
zGwetpkvruzYvkr}Yeee*yzÒlknm1mxilz¥~~tiofwevofkYKeer}tl*}
tpv¦weÑmxlGksyzÒlk¤eqkv
ytpksnantilkvk|Wvx}Yrut¡Yk1elkue ùqkvkseruk3tie}tPr}YCqk3zYet}Yeksqkt,kkstilk
t,zÑruzYvkvxkGzGem³tilvxzGwlGitilklzYo5lèzY|KtilkelkvjruzYvxkY
Ç/lksmGfl3oevzYoqkvxYGzGlk¤r}Y/zYet}Y/tie}tØtilk¤Gi;t9Gwelks/;tiek~zGwltpkv
ruzYvknÓWAti}YlzGy/}YzGwem~fmpoqkvxmzG¯Õks}ÈtpzÑtilkŁr}Yeelqksr}YwempkUzY|Itiek1my}Y
elkuf ù¯kvxkserukÑqktOØkkstilknYvkksúrwev¡Yk}Yetilkr}Yeel*flku¯?ª
ttilk
m}Yyk3tykPtilk3Gi;tGwelksnÑtilk¤zGwltpkv~ruzYvk¤vkGzGruzGwlofksmoqz;zYv¦tpzÑ¢¤}Ywem 
m}YÎmie}oqksÎyzÒlksm£mpzntie}truzGy1flkstilksmpkètOØzkuùqzYvtm¤ksemwevkètie}t3Gi;tPm
zGe(tpvx}YfmytptpksatilkyzÒlkÂvkoevksmpks;tpksatilknvksrwlv¡YkYhjiemŁlksmG
lks}eekks}oeoqks}vjoevzGymlè}Ymj}|ÖwltwlvkfmpoqkvxmzGÂruzGyoqksem}tlèeqkvs
=<'ó=<'; @BADC^N÷g ]^RSDaQ?C.[ ]^RﬃIKCEHG?õC,I
 ?kÑlz[%yz¥¡YkÑtpz}YlzYtilkv1yzYvkvx}Yfr}YIlksmGÎ|WzYvUempoqkvxmzGruzGyoqksem}te
yruvz,mptpv¦werutwlvksÎeqkvxmsŁhjifm¤tykYÄtiekr}YeeeÂmU}ilzGlkÒruzGyUmptpvxwerutwlvxk
Óû
ë
Í0Ù Ë¢l³ÕA~ti*ofilzYtpzGfrU5}YelG}ofm¤Ç*lksmxGel/tilkèeqkvP}Ñ}¥tie}t
ksemwlvksm
tif}tjtilk3zGwltpkvP}YentilkeekvjruzYvkUyzÒlksm³ruzGwlofk3tpzks}Yrxi*zYtilkvj~iek
a"a
}¼½Z¿åÔ~/ËÌ?½ZÀ-ÁR» Òﬃ;Á)Ô?ÔÄË¼-Ô(ÁÃ½Oº

½[ÔÄËº`ÔÕZ»ÂÁÃ½Oº
-1800
-1600
-1400
-1200
-1000
-800
-600
-400
-200
0
1500 1520 1540 1560 1580 1600
G
V
D
, p
s/n
m
/k
m
wavelength, λ m
~TWd5ZE\[]
=â 
gÄh~ilkÑYvxzGwlo¡YkszartOemo¯kv¦mzG?zY|~}ruzGwlofksruzYvkneqkvs*É©}vYk
ekG}t¡YknYvzGwlo¡YkszartO(¡}YwlksmU}vxkÑ|WzGwee£Qilz¥k¡Ykvs9tiek/
}s¡Yku
kslYtinmpof}YÂ~tiÂmptpvzGlempoqkvxmzGmytpks£aruzGyof}vksntpzètilk
kul}Yyofkmilz¥ACntilkUekuatjmpksrutzG
tilk~yzÒlku,eekuŁmIAtieè}3ofiezYtpzGer
f}YeeG}oÄRtIqksruzGyksmo¯zGmxmfk
tpzkuÒofzGt
tilkP}vYk~vk|Wvx}Yrut¡YkPelkueù¯kvksfruk~qkt,kksÑmxr}}Yf/}YvsIhjiek~f}YmrjlksmG
mmilz[~ﬁA~TWd5ZE\[]
=â

 ¨lzYvtilk?r}Yrwe}tzGfmÂtifmnmpksrutzG£Ptilk(eekv
ÓÖmr}RÕ1ruzYvkCif}Ym}?e}Yyktpkvks×awe}Y
tpzXlAAiekÂtilk}YvpÔvxl*AtitilkCmy}Y
mr} L evxlYksmLEif}Ym}f}YyktpkvzY|PÊaWY¢lA¬AzYtruktie}tètilkoL tpvx}YlGwe}vLQzGwltpkv
ruzYvk3ie}Ym
}1mwefmpt}Y;t}Y5}YvØfl3|Wvx}YrutzG£l}YeÑtilkvk|WzYvk¤y}ÈYksm³toqzGmmfk³|ázYv
Gi;t³tpzqk3Gwelks}Yvsl~ilkstjm³mtwe}tpksCntilkzGwltpkvPruzYvkvkGzGÄ
~TWd5ZE\[]
=âÍ
milz[~m~tiek1ÃÇj¢%qzGweee}v¦ksmUÓWvksrwlv¡Yksm¦Õ~}Ye*tilkŁksmpty}tpks
kuù¯ksrut¡YkÂzGwltpkvŁruzYvkÑflkuÓWfwlkrwlv¡Yk[Õ¦nhjilko5wlvofkèrwlv¡YkÂmilz[~m3tilk/yzalk
elkuPzY|atiekyzÒlkItpzjksemwevkI}jempoqkvxmxzGAruzGyo¯ksfm}tl³eqkvsE¬~zYtruktilk}vYk
mzYoqk~e ùqkvkseruk³Ailkstilk~ofwlvofkjyzaek~elkuèm9qksz[vksmo¯ksrut¡YksŁ}qz[¡YkAtilk
zGwltpkvruzYvxkPflku¯KhjiemIksemwlvxksmI¡Ykv/mptpvxzGlUemo¯kv¦mzGè¡}Ywlksm9zYv}Ytpkvxe}t¡Yks
~lk9
}s¡YkskslYtiŁvkGzGem©~tiU}vYkØlkG}t¡YkØYvzGweoU¡YkszÒrt,fmpoqkvxmzGP¡}Ywlksm
ªAmzlzYtrukÑtie}tèlzÎelku(rwlvx¡YksmŁruzYvxvksmpoqzGeeeCtpzÎo¯zGmxt¡YkYvzGweo¡YkszartO
empoqkvxmzGCm¤milz[~££merukŁlzGlk}vkŁ|ázGwfeÎtifmAr}Yrwe}tpkskuÒ}YyofkYhjiem
mr}Ywemks/atilkAelkv}YeÑtilkAzGwltpkvruzYvxkAqkslmpzG}tpksÂksmm9|WvzGyMks}YrxiÂzYtilkv
tie}Yûtilkkul}YyofkCmilz¥Aútilk|WzYvxykv/mpksrutzG£úhjilkvk|WzYvkYzGlkCmilzGwe
kuaoqksrut1ekG}t¡YkÑempoqkvxmzGz¥¡Ykvè}CAlkè}¥¡YkskslYtivx}YlYk/~ti?tiemlksmGÄ
aË
}¼½Z¿åÔ~/ËÌ?½ZÀ-ÁR» Òﬃ;Á)Ô?ÔÄË¼-Ô(ÁÃ½Oº

½[ÔÄËº`ÔÕZ»ÂÁÃ½Oº
~TWd5ZE\[]
=â

gElrxilksy}tr¤zY|Q}o5ilzYtpzGerPf}YeeG}oeqkv
eksmGlksn|WzYvjempoqkvxmxzG
ruzGyo¯ksfm}tlofwevoqzGmpksm
ruzGyof}vkstpztilklksmGCmilz[~ntilk|WzYvxykvAmpksrutzG£
hjilk*Yvkksﬁrwlv¡Yk*~TWd5ZE\Ì]
=âÍ
milz[~mÑtilkyzalk*elkuúzY|tilkmpksruzGe
zYvxlkv/yzÒlkGwelks;tilkzGwetpkvÑruzYvkCvxkGzG£qµtmlzYtruksútie}ttilkeqkv
mUtpv¦we?mlGku,yzaek~ilkstilkÂmtpvzGl*weo;
}vx¯ksfelzY|³tilkÂofwlvxofkrwlv¡Yk
zarrwlv¦myofÒl*tie}ttiemm}?mlGksyzalkempoqkvxmzGruzGyoqksem}tef¯kv¥
at Ìtilk
elkuUf ù¯kvxkserukØqktOØkksètilk
GwelksUyzÒlk
}YeŁtilk³ÃÇj¢qzGweee}v¦ksm
mU}vxYk*ÓÖ}oeoevz¥Òy}tpks?ÍÒÆÍGÊGÕeer}ten}¡Ykv?qkseeeÂvxksmmpt}Y;teqkvÑÓÖlz
m}tmp|Ö}YrutpzYvÎy}YruvznqkseelÂzGmm¤yzÒlksKie}YmPqkksek¡YkszYoqks*|WzYvÃÇj¢Meqkvxms
ilz¥k¡Ykvs5t
}ofo¯ks}v¦m³vks}YmpzGe}5k¤tpz/}Ymmweyk3tie}tjmwer¦iC}}vYkflkuÂeù¯kvksfruk
ruzYvvksmpoqzGeemØtpzyzÒlksmtif}t
ruzGweofkPo¯zazYvxètpzèks}YrxinzYtiekvsÒk¡Yksn~ilksÑtilk¤eqkv
m³qkselks5Õ¦
hjilkŁr}Yrwe}tpks*empoqkvxmzGÑ¡}YwlksmA}vk1mxilz¥~*nATád¯Z©\Ì]
=â
¢5jÅPksmpo5tpkUtilk
¡Ykvn~lk¤~flz¥ﬁ~tiekG}t¡YkUemo¯kv¦mzG£;zGlkUmpt55eem
empoqkvxmxzG/¡}Ywlksm
¯ksz¥ûxüsþÍYÍŁofm6«ÌeyÑ«[ÈÒy&MIkvyoevxksmm¡Yk³eGwevksmflkks£Rksmo¯ksr}YèruzGemlkv
lŁtilk¤kuaoqksrutpksnqkseeeUzGmmvksmmpt}Yeruk¤zY|©tilk¤eqkvs&~TWd5ZE\Ì]
=âÍ
miez¥~m
tilk
yzaek/elkuÎ}Ye?tilk/YvzGwloflkuzY|
tilk/Gwelks?yzÒlkYÂªM¡YkvxÎ}vYkYvzGwlo
elku¡}vx}tzGÂmØmpkks£l/}YrruzYv¦e}Yeruk3~ti/tilk¤}vYkP}¥¡YkskslYtinvkGzGÑ~ti
mptpvzGlÂlkG}t¡YkèempoqkvxmzG£Ø¬AzYtrukUtif}tAtilkUYvzGwloÎelkum~}ofoevzG}Yrxifltilk
tilkzYvktr}YKy/t³zY|Itilk1yzalkŁelku}t¤}/lzYvxy/}YøksC
}s¡YkskslYtizY|}oeoevz¥Ò
y}tpks?üWSaØhjifmksemwlvksm~}}vYk¡}vx}tzGtilk3YvzGwlo¡Ykszart,Y
acS
}¼½Z¿åÔ~/ËÌ?½ZÀ-ÁR» Òﬃ;Á)Ô?ÔÄË¼-Ô(ÁÃ½Oº

½[ÔÄËº`ÔÕZ»ÂÁÃ½Oº
0.95
1
1.05
1.1
1.15
1.2
1.25
1.3
1.35
1.4
1.45
0 0.5 1 1.5 2 2.5
m
o
de
 in
de
x,
 β/
k 
normalised wavelength, λ/Λ
~TWd5ZE\[]
=âÍ
gÄh~ilkAo5ilzYtpzGerAf}YelG}oÂkslYksmÓWvks¯Õ}Yf/tilk¤kuùqksrut¡Yk3zGwltpkv³ruzYvk
elkuÓWfwek[Õ¤zY|~}ÎruzGwlofksruzYvkÃØÇ³¢eqkvshjilkÂofwlvo5k/rwlv¡Yk
mxilz¥~m1tilknyzÒlk/eekuÎzY|~tilkÑyzÒlkÑoevz¥¡ÒelClkG}t¡YknYvzGwlo
¡YkszartOCempoqkvxmxzG£hjiek3Yvkks*rwev¡Yk1miez¥~m~tilkkuùqksrut¡YkŁyzalk
elkuzY|9mpksruzGe*zYvxlkvPzGwltpkv3ruzYvk1yzalkYqefr}tl}/tpvxweml
Gksyzaek3eqkv
hjilkŁ|áv¦}YrutzGzY|Gi;t~tie}t3mAoevzYo5}G}tln*}YvP}t3e ùqkvks;tA
}s¡YkskslYtiem
mmilz[~(·ATád¯Z©\Ì]
=â&%
Ñ¬~zYtrukÑtie}tU}YyzGmptlaÌÍKú zY|tilk/GiRtm¤Gwelks?
tilkP}Yv
iezGksmzY|©tilkAzGwetpkv
ruzYvxkYl~ilksÑtilkPmtpvzGlŁ¡Ì}vx}tzG/zY|©tilkAYvxzGwloÂelku
¯kGemØª
tPmilzYvt~}¥¡YkskslYtiemP}YyzGmptA}Y£tilk1kslkvYm³oevxzYof}G}tlÂmr}Ò
§zGyU5lksútr}Y¯kCruzGfrwelksútif}ttiemèeqkvkuÒofzGtmtilkCoqzGmm5tksmUzY|
yz¥¡Òl?tilkkslkvY|ávzGy!}Yvtpzmr}*ú}?}¥tie}tG¡Yksm}vYkCempoqkvxmxzG
¡Ì}Yweksm¨lzYv}yzYvknmpamtpksy}trÂmptwelYKtilkÂlksmGy}s(qkÂmpzGwlGi;t1kuÒofzGtpks
tpzCruzGyoqksem}tpk}nmpt}Yee}v¦*f¯kv¤z[¡Ykv~lkŁ
}s¡YkskslYti(vkGzGem1hjiemPlksmG
lks}è~5qk;¡YksmptG}tpks*ilks}s¡Ònntilkeks}v~|Öwltwlvk3mfrukt³zù¯kv¦m~mwer¦iC}vYk
¡Ì}vx}tzGzY|QtilkYvzGwlo*elkuq
ËÍ
}¼½Z¿åÔ~/ËÌ?½ZÀ-ÁR» Òﬃ;Á)Ô?ÔÄË¼-Ô(ÁÃ½Oº

½[ÔÄËº`ÔÕZ»ÂÁÃ½Oº
-1400
-1300
-1200
-1100
-1000
-900
-800
-700
-600
1.2 1.3 1.4 1.5 1.6 1.7
G
V
D
, p
s/n
m
/k
m
wavelength, µm
~TWd5ZE\[]
=â
¢5gÄh~ilkØr}Yrwf}tpksUYvxzGwloU¡YkszÒrtOUempoqkvxmxzGPzY|e}AÃØÇ³¢ruzGwlofksUruzYvk
f¯kv¥¬~zYtrukCtilkn~lkn
}s¡YkskseYtiûmpof}Y~tiekG}t¡YkCYvzGwlo
¡YkszartOempoqkvxmzG
leÙ!

D
		hÝÞù4:
ð
ä

ßfB!Ý
l
h©zzYft}Ykß/rks;tjYvzGweoC¡YkszÒrt,emo¯kv¦mzGÑzGlkUyŁwemptjlksmG}eqkvsl~ilkvxk
tilkØruvzGmxm ,mpksrutzG1zY|ÒtilkksksrutpvxzGy}GlktrGi;tÄrxie}YeYksmQmtpvzGlGP~ti3tiek
}s¡Yku
kslYti£9hjifmØy/}ÈYksmjt
oqzGmmfkj|ázYv³tiekPYvxzGwlo¡YkszÒrt,Ñtpzrxie}YlYkmxGefr}Y;t
}Ym}Â|WwefrutzGzY|tilkè
}s¡YkskslYtiÄµtP
}Ym3|WzGwee*tie}tyruvxz,mptpvxwerutwlvxks*f¯kv¦m
}vkUlks}YÄ|ázYvjtifm³ofwlvxo¯zGmkYemeruk3tilk}Yz¥tilk1lksmGnzY|Keqkvxm
~tiC}eekv
}Ye}zGwltpkv1ruzYvkÑvkGzGtie}t1mUzYoetr}Ympko5}vx}tpks£QkuÒrukoetè}tU
}s¡YkskslYtiem
~tiÂlks}v³yzaekPflkuy}trxielè¯ktOØkksÂtilk¤yzÒlksmzY|ÄtilkPt,zruzYvksm9µ|£tiem
mmpzGwlGi;t1}YrruzGyofmieksÎ~ti(mpt}Yfe}vx(mptpkoelkutpksrxieezGzYYYKzGlk/m3|WzYvxruks
tpz/rxilzazGmpk1¯ktOØkks*}YrrukoetlÑy}YruvzqkseelŁzGmmpksm³zYv~yŁwetyzaekPqksie}¥¡azYvs
9¡YksCyzYvkyoevxksmm¡YkPYvzGwlo¡YkszÒrtOnfmpoqkvxmzG/¡Ì}Ywlksm³y}snqk¤zYet}Ylks
;?ksyo5z¥ÒlofiezYtpzGerf}YflG}oGwee}YerukzY|jGiRthjiemy}ÈYksmŁtoqzGmm5k
tpz*ruzGemptpv¦weruteqkvxmPtie}t1Gwelk}CmGefr}Y;t3oqzYvtzGÎzY|tilk/yzÒe}YIkslkvxY
tilk}Yv3ilzGksm3}tzGeÂ
}s¡YkskslYtiemÄYktUGwelkè}YyzGmpt3}YQzY|tilkèeksÎÎmr}
}tUmilzYvtpkvU}¥¡YkskslYtiemÑhjiemPzùqkvxmtilkoqzGmmxft,zY|
ruzGyUfelnempoqkvxmxzG
ruzGyoqksem}tzGﬁz[¡Ykv~ek*
}s¡YkskseYtivkGzGfm}Ye";wfykvxr}Yû}vYk?YvzGwlo
¡Ykszart,ÑfmpoqkvxmzG¡Ì}YweksmIhjiemØlksmGÂlkksemtpzèqkA;¡YksmptG}tpksn|Öwlvtilkv¥;fwet
mpkksymj¡Ykvxnyoevksmmx¡YkA|WzYv~empoqkvxmzGÂruzGyoqksem}teofwlvoqzGmpksm
ËÒü
}¼½Z¿åÔ~/ËÌ?½ZÀ-ÁR» Òﬃ;Á)Ô?ÔÄË¼-Ô(ÁÃ½Oº

½[ÔÄËº`ÔÕZ»ÂÁÃ½Oº
1
1.1
1.2
1.3
1.4
1.5
1.6
0.8 1 1.2 1.4 1.6 1.8 2 2.2
in
de
x
normalized wavelength, λ/Λ
mode index
group index
~TWd5ZE\[]
=âÍ
gÄh~ilkjyzÒlkjelku}Yetiek³YvzGwlo/flkuŁzY|¯tilkj|Öweef}YyksRt}Ylyzalk
zY|è}úÃÇj¢ empoqkvxmzGruzGyoqksem}tleqkvs ¬AzYtruk?tie}t¯zYti
oqzGmt¡Yk}Ye?lkG}t¡YkYvzGweo?¡Ykszart,ÎmPoevksmpks;t©lkoqkseel/zG
tiek}¥¡YkskslYti£ªAmpzlzYtruktiek}vYkYvzGweoCelkunmpof}Y£
0.1
0.2
0.3
0.4
0.5
0.6
0.7
1.2 1.4 1.6 1.8 2 2.2
fra
ct
io
n 
of
 e
ne
rg
y 
pr
op
ag
at
in
g 
in
 a
ir
Normalized wavelength λ/Λ
~TWd5ZE\[]
=â&%
gÄh~ilk9|Wvx}YrutzG1zY|ltilkkslkvxY3tie}tEm©GwelksU}YvsIatpvzGlPlkG}t¡Yk
YvxzGwlo*¡YkszartOemo¯kv¦mzGCmA}/vxksmwetAzY|Itilk1kulrwemxzGCzY|yzae}Y
ksekvYn|ávzGy tilk}Yv~ilzGksmj}Ym³tilk|Wvks×awlkserunm³eruvxks}Ympks
ËYÊ
¨ ©«ªA¬®­v¯.° 
)
µ ﬂ ﬂ {
ÃilzYtpzGerruvÒmpt}Y£eqkv³tpksrxiflzGzYYCm³ksykvGl}YmA}YC;tpkvksmptlruzGyofksyksÒ
t}vtpksr¦ielzGzYYtpz(mptpkoúelkueqkvxmÎhjiemŁmèr}Ywempksa}Î;wfyUqkvèzY|Alk
o¯zGmxmftksm©h~ilk3yzGmpt³vkslz[~}vk3oevxzYf}ftiek}ftOtpzGweek¤GiRt³n}Yv
}Ym
Øksq}Ym
tilk¤oqzGmmftOèzY|Eweml1lzGflks}v
yruvz,mtpvxwerutwlvksÂeqkvxm}Ym
~ietpk
Gi;tQYksekvx}tpzYvxm9Az¥k¡Ykvsatilk³oqzGmmftksm£zY|qyruvxz,mptpvxwerutwlvxks1f¯kv¦mEkuÒtpkse
|W}vjqkYzGeCtilkoevksmksRtj}oeo5r}tzGems
µCtiem³tilksmxmjyruvxz,mptpvxwerutwlvxksneqkvxm³ie}s¡Yk1qkksC}Ye}YaøksC}Ymmwfylètie}t
elkuGwfelofilzYtpzGerÎruvÒmpt}YPeqkvxmÂie}s¡Yk(}úrzGmpk?}Ye}YzYYtpzûmtpkoﬁelku
eqkvxmKhjilkAez¥¡Yks5¯ksif}s¡ÒzYvzY|Äyruvz,mptpvxwerutwevkseqkvxmsRruzGyof}vksÑtpzèmpt}Yee}vx
zYoetr}Y9f¯kv¦mÄy}s?tiawem3qkmpkks}YmU}vxksmwet3zY|
tilkkuùqksrut¡YkÂr}Yeeenelku
¡Ì}vÒlAtintilk3
}s¡YkskslYti*zY|IGi;t
hjiawemQtilk/oqzGmmftOzY|jmlGksyzÒlkGwef}YerukzY|jGi;t1}tŁ}Y9|Wvks×awlkserksm
mè}fvksrutŁvksmwet1zY|~tilkÂ¡}valr}YeelelkuqI}tètilkm}Yykntyknks}Yee
tpzeruvks}Ympksnqksefl1zGmmpksm³}tjmilzYvxt
}s¡YkskslYtiem1ÓÖmtpkoelkuÑeqkvxmØif}s¡YkUlku
ruvks}YmlU¯ksfel¤zGmmpksm}Ym9tilkj|Wvks×awlkseruèm9fruvks}Ympks}t9tiek~ruzGmptzY|qqksruzGye
y1wetyzÒlk[Õ
hjilkÂoqzGmmft,*zY|~meGksyzÒlkGwef}YerukÑ}t}Y|ávks×awlkserksm1mŁ}*vksmwet1zY|
tilkCkuùqksrut¡Yk*r}YfelÎelku}oeoevzG}Yr¦iel?tiekvk|áv¦}Yrut¡YkeekuzY|Ptilkmr}
ruzYvkÔvkGzG£Øhjifm
}YmAmilz[~tpz/ruzYvvxksmpoqzGetpztilkUkuù¯ksrut¡YkŁ|Wvks×;wekseruY
ãäåä
vks}YrxielzGeÂfetpk3¡Ì}YweksmØhjifmjmjRtpkvksmtlqksr}YwempkE
ãyäåä
mA}yks}YmwlvxkzY|
tilkAlkYvxkk~zY|£zÒr}Yøs}tzGzY|£tiek~yzÒlkjtpzUtiekAruzYvkAvkGzG£IªAof}vt9|WvzGy ksekvY
¯kslnkuaoqksksÎ|WvzGy tiek}YvUilzGksmU}Ym3tilk|Wvks×awlkseruÎm3eruvks}Ymks£©zGlkzGwe
tilkvk|WzYvk~kuÒoqksrut}UyzÒe}YÒeksruvzGmmØmpksrutzGtif}tØm9}YyzGmpt;¡}vx}Y;tI~titilk
}¥¡YkskslYti£¯ntilk
}s¡YkskseYtivkGzG~ti}YyzGmptjruzGempt}Y;t_
ãä¬ä
Ô¡Ì}Yweksm
ÇÂlksruvxks}Ymltilk3vxk|ávx}Yrut¡YkelkuÂzY|©tilkruzYvkUvkGzG£ltilvxzGwlGintilk3wem}Yk
zY|¯lzYo5}YRt9y}tpkv¦}Y Ytilk³z[¡Ykvx}oqkt,kks}3yzÒlk³}t!SYËÍey¿
}s¡YkskslYti/}Ye}
ËYþ
¿t4|ÕO¼àÒ
yzaek
}t³üY"YÍfy®
}s¡YkskseYtiy}sŁqk}YmI}vYk³}Ym9S"S:Ù Ë$a\úÂ9hjiemQmEof}vtrwf}vx
RtpkvxksmptllÌmerukIzGlkØy}s3lksmG¤eqkvxmq~ti3ruzGemt}YRt
ãyäåä
Ô¡}Ywlksm©}tE}jlksmvxks
ruzYvkØmøkY¥tilvzGweGi3tilk9tpksr¦iee×awlk9zY|Òlksruvks}Ymljtilk9vxk|ávx}Yrut¡YkelkuPzY|Òtilkmr}
ruzYvk3vkGzG£I PmlŁtiemØtpksrxife×awlkYlyoqzYvt}Y;tlk"lksmxGemØ~tie/tilk3}vks}ŁzY|
eqkvj}Yyoffkvxm
y}snqk3vks}YøksÄ
hjilk¤oqzGmm5tO1zY|Q}1oqzGmt¡YkA
}s¡YkGwflkemo¯kv¦mzGie}Ymkse}5ksnlzGeeks}v
yruvz,mptpv¦werutwlvkseqkvxm1~ti}Îøkvz(fmpoqkvxmzG}¥¡YkskslYti¯ksz¥ üsþÍYÍ(ey
}¥¡YkskslYti£ÎhjilkÂruzGyUfe}tzG(zY|³økvxzempoqkvxmzG?}Yemy}Y9kuùqksrut¡YkÂyzalk
}vks}YmksemwevksmètilknoqzGmmft,ÎzY|¤weme*tilkneqkvxmè}YmAietpknGi;tŁYksekvx}tpzYvxm
Òwerxi(eqkvxm3ie}s¡YkÑvks}Yrxieks}Ck¡Yks9zY|
y/}twlvxtOY©~ilkvxktilk}vxk/ruzGyykvxr}Y
}s¡}Y}fku9o5}vtn}Ymj}vksmwft
zY|QtiekØzYvxÈÑzY|Ktilk3oevxksmpksRtA}YwltilzYvs
ÃilzYtpzGfrèf}YelG}oÎeqkvxmPzùqkvk¡Yks(yzYvxkŁv¦}Yer}YQoqzGmmftksm5erwefl
tilkUoqzGmmftOzY|IGweflGi;tj~tif}/z[ÁflkunruzYvxk1vkGzG£h~ilksmpkUf¯kv¦m
}vk9of}vtrwe}vxARtpkvxksmptl
qksr}Ywempk9tiekPruzGy1flkItiek9oqzGmmft,
zY|Ò¡Ykv3my}Y
kuù¯ksrut¡Yk*yzaekn}vxks}Ym~ti}vYkoqzGmt¡YkÑ
}s¡YkGwelkCempoqkvxmxzG£?hjiemŁ}vYk
o¯zGmxt¡YkU
}s¡YkGwflkèempoqkvxmzGm~tiek1vksmxwetjzY|}Â}vYkvPoqzYvtzGzY|ItilkŁyzae}Y
kslkvYÂoevzYof}G}teèÂ}Yvj}Ym
tilk3|ávxks×;wlksfru/m³eruvxks}YmpksÒ9}Ło¯zGmxmft,ètie}tjm
wee×awlkUtpzo5ilzYtpzGer1f}YelG}oÎeqkvxms¤Ç
wlt¤ofiezYtpzGer1f}YelG}o?eqkvxmPy}¥*}Ympz
¯kÑlksmGlkstpzif}s¡Yk,f}t1lks}v1økvzÎempoqkvxmzGeks}vÂüY"YÍÎey }¥¡YkskslYtizY|
Gi;t
hjilkruzGerukoftzY|fmpoqkvxmzGruzGyoqksem}tlneqkvxm3m3yoqzYvt}Y;t¤tpzC}YRÎzYol
tr}Yf¯kvèy}Yawl|Ö}YrutwlvkvsImfrukÑzGlie}YwezYoetr}YØeqkvUtpvx}YemxymmzG(m1zGe
o¯zGmxmfkYE;(erweelÂlÈÒm3~tilkG}t¡YkÂYvzGwlo¡Ykszart,(emo¯kv¦mzG£nÃilz
tpzGerruvxampt}YReqkvxmÄ}oeoqks}vEoevzGymxl³}YmEfmpoqkvxmzG¤ruzGyoqksemx}tljeqkvxms[mfruk
tilk1}Yz¥tilk³ruzGyUfe}tzG1zY|5}vYk
lkG}t¡Yk
YvzGweoŁ¡YkszartO1empoqkvxmzG3¡}Ywlksm
}Yenvks}YmpzGe}5Â}vYk¤kuù¯ksrut¡YkŁyzÒlk3}vks}Ym~Âeqkvxmtie}tj}vxkUmlGksyzaekP}Ye
ie}s¡YkŁvks}YmpzGe}5z¥$y}Yruvz/qkseflzGmmpksmsµtAm³tilkUofvksmpks;t~}YwltilzYvxmAkuÒo¯ksr6
t}tzG£ltie}tjmwfrxineqkvxm~5ÂtykPqksruzGyk3tiek¤yzGmptjyoqzYvt}Y;t³}oeofr}tzG
zY|¯o5ilzYtpzGerjruvxampt}YeeqkvxmRlksmoftpk³tilk~rwevvks;t9mpt}twem9zY|£lzUof}oqkvxmIqksl¤ofwle
milksCzGCtilkŁmmwlkYJAz¥k¡Ykvs£}/zGlÑy}twlvxtOnoevzÒruksmm~yŁwemptjqkUwfelkvt}ÈYks£
¯k|WzYvk3ofiezYtpzGer3ruvÒmpt}Y£eqkvxm
A¯feÂkuùqksrut¡YkŁwfm}YkzYoetr}Y£eqkv³lÈÒm

Ù-Ú
ñ
D

D
Ý=zæ 4:Ý
3
hjiem3tieksmmie}YmUofwlt3ksyo5ie}Ymm3zGweelkvxmt}Yeelntilk/f}Ymr}5tOzY|³yruvz
mptpvxwerutwlvxkseqkvxmtpz/}YrutA}YmjzYoetr}Y£
}s¡YkGwelksmØh~iem
ie}Ymjy}YekUt
oqzGmmfkAtpz
vksruzYGeøknyoqzYvt}Y;t1lz[¡YksoqzGmmxftksmP~tie(tilk/eks(zY|jofiezYtpzGerruvÒmpt}Y
eqkvxmÄ~z[Øk¡Ykv¥fzGlkUmxilzGwenlzYt³qk3ksntpztilkruzGfrwemzGÂtie}tA}Y¯tilkvkm
tpz
¯kPm}YÑruzGerukvxeeUofilzYtpzGfr~ruvÒmpt}Y5eqkvxmy/}sqkAwfelkvxmptpzazÒ|ávxzGyM}Łmyo5k
ËON
¿t4|ÕO¼àÒ
}Ye}YÒmmjzY|Ktilk1}¥¡YkGweel/oevxzYo¯kvxtksmµyoqzYvt}Y;t~×awe}Ytksmjmpt©lkksCtpzÂqk
weelkvxmtpz;zÒ£
ªÁyzalksq|WzYvjtilk3qksefl1zGmmpksm
zY|QofilzYtpzGer¤5}YelG}oeqkvxm
m
¡YkvnyŁwerxi
lkkslks1|ázYvQtilkØruzYvxvksrutEk¡}Ywe}tzGzY|etilk×;wf}Ytksm£zY|e}~G¡Yks1ofilzYtpzGerf}YelG}o
eqkvxm¨ewlvxtilkvs©}Cawey1qkvzY|yzalksm3ruzGerukvxeetilk/}oeofr}tzGem¤zY|
yruvz
mptpvxwerutwlvxks/eqkvxmmilzGwfqkAek¡YkszYoqks£IhjiemØerweek~yzÒlksmØzY|Ätilk¤lzGeeks}v
oevzÒruksmmpksmofilzYtpzGfrjruvÒmpt}Y5eqkvxmRyzÒlksm9zY|£tilk~oqzG}vxøs}tzGyzÒlk~empoqkvp
mzG}Ymjks£}Ymjyzalksm
|ázYvjo5}vtrwe}v³}oeo5r}tzGemzY|Ktilk3eqkvxmsÒmxwerxi}Ym~eqkv
}Yyoffkv
yzalksm
Ç
wltKevxmptQ}YeŁ|ázYvksyzGmptQ}YŁkulruksmm¡Yk³}YyzGwfRtKzY|eoevxzYYvksmmKlkksemEtpz¤¯k
y}YlkY
ÃilzYtpzGer~ruvÒmpt}Y¯eqkvxm9}vk¤mptlvks}t¡YkszGmmpruzGyo5}vks/tpzèmpt}Yef}vxeqkvxms
}YeÎtilkruzGRtpvxzGKzY|tilkruvzGmmp,mpksrutzG?zY|Øtilkèfe}YQeqkvPmtpvxwerutwlvkmPvks}t¡Yks
yzaeksmptQh~ilkØofvksmpks;tE}YwltilzYvKqksk¡YksmEtie}tKruzGemekvx}fk9ofvzYYvksmmQ~YqkØy}Ylk
CtiemjeksÄfof}vtn}YmP}Ñvksmwet~zY|Itilk1lksmxvkUtpzÑvks}YøkŁmpzGykŁzY|ItilkUofvzGympksm
zY|QtiekempoqkvxmzGÑruzGyoqksemx}tlyruvxz,mptpvxwerutwlvxksneqkvjlksmGems
hjilkjzYvÈèzG/eksmGee¤y/ruvz,mptpvxwfrutwlvkseqkvxm9~timpoqksrfr

}s¡YkGwfel
oevzYoqkvtksm3AIruzG;t;wekYChjilkÑeksmG?|WvkkslzGy{~ti(y/ruvz,mptpvxwfrutwlvks(f¯kv¦m
m/ksezYvxyzGwemA}Yetilk*|Öwltwlvxk*mÂÈYkstpzúmpkkÎeqkvxm/~tiruzGyofktpkslz¥¡Yks
}¥¡YkGweee3oevzYoqkvtksmKhjiemEzYvÈè~Rqkjlvx¡Yksè;Łtilk~mpks}v¦rxi|WzYvlkeqkv
ruzGyoqzGlksRtmsa}YeÑ~Òtilkvk|WzYvk~qkjoqkv|WzYvxyksÑ}YzGlGmekjtilkA}tptpksyoetmtpzUoevz
ewerukyzYvkUtpvx}YetzGf}Yqeqkv
ruzGyo¯zGeksRtm5mwerxi}Ymjeqkv³}YyofekvxmÒempoqkvxmxzG
ruzGyoqksem}tlyzaewfksm³}Yeneqkvj}Ympkv¦m

ÙÓØ
ð
6-4:<- Ñx!	hÝ
3
<
µrzGmen3zGweÈYktpzÎkuÒoevksmmŁmpzGykÂzY|~y1(yzYvkÂo¯kv¦mpzGe}Y9|WkkseGmUruzGÒ
rukvxel*tiemUØzYvÈ¯¥ie}¥¡Ykn¯kksØzYvxÈae~ti(ofilzYtpzGerÑruvÒmpt}Yf¯kv¦mUmfruk
üS"S$aU}Yfie}s¡YkPzY|Wtpks/|Wkst9Yvks}tkulrtpksyks;tØ}qzGwlt9tilkPlz¥¡Yks5oqzGmm5tksmQy}Ylk
o¯zGmxmfk3AtiofilzYtpzGfrruvÒmpt}YÄf¯kv¦mh~ilkUkulrtpksyks;tAie}YmAqkksmpo5ruks~ti
yzGyks;tm~zY|9}YÒlktOn}Yfem¯ksk|©ruzGerukvxfltilk1o¯zGmxmft,zY|Kvks}Yøsltilk
}tAtyksmAruzGyo5r}tpkseksksrutpvxr3mptpvxwerutwlvxksm¯eksruksmm}vtpzÂkuao5zGt~mpzGyk1zY|Itilk
yzYvk¤mwletkA×;we}YtksmIzY|Äyruvz,mptpvxwerutwevkseqkvxms_Az¥k¡Ykvsltiem:L ﬀ zGwevxlkBL;ie}Ym
mpkksyksúk¡Ykv/yzYvkoevzGyml}YmzYtilkvvksmpks}v¦rxiúYvzGweofmŁvks}Yøksúmptqktptpkv
yruvz,mptpv¦werutwlvksf¯kv¦m
Ï¤lkÂof}vtrwf}vUkulrtlÎlk¡YkszYo5yksRtŁ
}Ym1tiekÂ}YwltiezYvxmèruzÔ|ázGwefe}tzGzY|
tilk3ruzGyof}Y;n§vÒmpt}Yq¨KevkPª¤«Yqyµt
}Ym
¡Ykvx/tpzGwer¦ielŁtpzmpkk¤tilk¤ØzYvxÈvØie}Y
¯kksèo5}vtKzY|ORek¡YkszYo/;tpz3}3ruzGyof}Y;ŁruzGyy/tptpkstpz3tilkjlk¡YkszYofyks;t9}YeŁku;
ofzGt}tzGnzY|Kyruvxz,mptpvxwerutwlvxksneqkvxmIhjiem
kulrtpksyks;t~ie}Ym~meruk¤tilksYvxz¥~
RtpzÑ}y}twlvxlruzGlflkserukYftie}tjofilzYtpzGfr3ruvÒmpt}YÄeqkvxm
AqelkksnqksruzGyk
Ë"Y
¿t4|ÕO¼àÒ
}Y?yoqzYvt}Y;tAmwlofofksyks;t~tpzntilkruzGyykv¦r}YQeqkvAtpksr¦ielzGzYY*zY|tpzGyzYvvxz¥
ilzYoqk¤tie}t³tiem
kuÒrtpksyksRt~if}Ym³milzGlk¤tilvzGweGintilk3oevksmpks;t³tilksmml}Yentpvxwempt
tie}t
tiemØØzYvÈ¯l}YyzGlèzYtilkvxm³y/}s/ft}tpkAyzYvk3Rtpkvxksmpt}YfÑvxksmpks}vxrxi/tilk
}vks}zY|QofilzYtpzGer3ruvamt}Y£eqkvxm
Ë"Q
  Îﬁ  	  
¶ ü¸1ª1ÒÇKﬀ}vÈÒk¡5_Ł1Zﬀ1Lk_Ł ;;kG;h t¡ﬂZ¡¢4£¥¤[;;+DŁŁ¦t§Z¡e
ÇzGmptpzGÒ,É©zGelzG=^ÆªAvtpksrxijAzGwempkYfªPwlGwemptüS"SYþa
¶ Ê}¸l@l£Å¤}ÈÒ?}Ye?ÇPE§
wemxie}sﬂŁZ<;GLL¡<;§t16©¡YzGweyklNzY|CŁNŁ1t¨
§Z¡<1©DZ¡Z¦¤[ª1©Dt¡¢«¬<¬­AEzL¡¢[¦ÇzGmptpzG=^ªAvtpksrxiilzGwemkYÄüS"S$a;
¶ þ}¸è¯QhE}È}Yie}YmieÔKÐQ¨fwlt}Yy}t}Ò}Yew¦Q­3zOﬀy}Ò*aoqksrutpvzGmruzYoa(~timr}YÒ
eeÎeks}vpÔeksúzYoftr}YjyruvxzGmruzYo;úwemxlÎtweelkslÎyzaekY¯®­§t¬T¡Z§«
°±Lz§[L1§Ł¤KüSONfÓ Ê[OþGÕ^WYÒüS²aÊYÊaüS"S"Sa
¶ Nc¸1Ç
zGykser}YÄmpksempzYv¦mleqkvxml}YenzYoetr}YÄlks¡YkvxÂmpÒmptpksyms
¶PY}¸1ªAevx}Yie}Yy9­U}tpøsvs´³µ[LL1ﬂZ¡¢¶§TŁZDﬀ1L1^j¡FA¢t·ª¡ªPr}Ylksyr
oevksmxmeerÄüS"SYþa
¶PQ}¸1j`U}fzGlz[¡atr¦i£µeifftpksÂmpoqzGRt}YekzGwemjksymmzGmzGÒ,mpt}tpkUofiRÒmrm
}YeksksrutpvzGerm¹¸DºN¤[1Zi»k;¼
L½¾³LL16BY ËlÓ ÊÍRÕ^ ÊÍ$Y"S²yQYÊaEÐ*}s(üSYË$a;
¶Xa*¸è¯/@GzGie£ÒtpvzGl/zÒr}Yøs}tzGzY|KofilzYtpzGemjCrukvt}YCfmpzYvxlkvxkseksksrutpvxr
mwloqkvx}tptruksmﬀ¸ºN¤[TZ¿»kL¼;½À³µ·;¦BY ËlÓ ÊYþGÕ^ ÊONRË"Q²ySaØüSYË$a;
¶ Ë}¸1Çksmpt~qktm
|WzYv1üS"S"Sa£L;¡TuÄüS"SYËa
¶PS}¸èÒrksfrukÁtpksr¦ielzGzYYB^9¬Ak³,}YkPruvxampt}YmÂµº­kÃk§Z¡§ZGªTÖeþON+Sy^ Ë"S²ySÍÒ5ÊÒü
¬Az¥¡(üS"SYËa
¶ üÍO¸@lÆÅŁ9@YzG}YflzYoqzGwezGm!@eÆ¬U& ﬁe£I}YeÆÅŁ9Ðks}YlkY¶¸º­§t§Z¡¥ÅÄÆT¤[TZ;
°6§tÇ¢Zj¡È jº­ﬀh§Z½¯§«³Ç tºÈÖÃ9v¦eruktpzGC Pe¡Ykvxmxt,ÂÃ9vksmmsÄüS"S"Ya
¶ üYü¸@lÆÅŁ
@YzG}YflzYoqzGwezGmjÃQÆM¤kslkswe¡YkYj}Ye¯Ø¨e}YÄ¿ÃØilzYtpzGerruvÒmpt}Ym^
ofwltptl}lktO~mpt³zG*Gi;tÊÉt¬­Au5þYË"QlÓ üsþGÕ^üVNRþ²ySaKÐ}vxr¦iüS"S$a;
¶ üsÊ}¸Łª
tpt}ŁÐCkÈÒml§
ilks,@l §Pa­wlvx}Yf¦lÒie}Yeiawee¨e}YÄaÃØkvvk~U$M¤kslkswe¡YkY
}Ye,@YzG}YelzYoqzGwezGm@lÆÅŁ'PGitpv¦}YemymxmzGtilvxzGwlGi/mif}vo/qkseemofilz
tpzGer3ruvxampt}Y©}¥¡YkGwelksms¸ºN¤[TZ¿»kL¼;½À³µ·;¦Ba"aÒÓ üsËGÕ¦¯zarutQüS"S"Qa
Ë$a
Ë
Ö

Ë
!&J
Ë

Ö

Ë
!&
¶ üsþ}¸¯ ÂUè9É©Äj§
ilz[!MŁ9Pkt}Y}ÒØÃQÄM¤ksekswl¡YkY}Yeq@eÄ@GzG}YelzYoqzGwezGms
IÒoqkvxyks;t}YÒlksyzGemtpvx}tzGèzY|¯GweeeP}YeèqkseflPzY|5ksksrutpvxzGy}Glktr

}s¡YksmPnofilzYtpzGer3ruvamt}Y k£·L¡ÄüS"SYËa
¶ üVNc¸ŁÇvzaksl;@eÇ
}vÈYzGw¯Æ~RZ%YelkG}Y}vx1h3Y}YeUÇKﬀ}vÈÒk¡ªUaªAf}Yamxm£zY|e}Yvp
GweflofiezYtpzGer5}YeG}oÎeqkvxmsFŁ;³LL16£Ê"YlÓ ÊGÕ^WS"Q²ySYËaÄ@G}Yawe}v
ÊÍYÍYÍÒ
¶ üY}¸Ł­eGiRt|@e §P³ÇvÈam/h3ÆªU³}Ye~wemxmpks³ÃQ atW@lﬁÃ9vxzYo¯kvxtksmèzY|3ofilzYtpzGer
ruvÒmpt}Y£eqkvj}Yentiek3kuù¯ksrut¡YkŁelkuÂyzaeks D®­ÌDŁÌ£§·Ì/_ﬁÌ/ÄüYlÓ þGÕ¦
Ð*}vxrxiüS"SYËa
¶ üQ}¸¯Æ~Ç
}vÈYzGw£e@l
ÇvzaksllA}Yeﬁª1ÇKﬀ}vÈÒk¡5 ¬Az¥¡Yks3mr}R«Ì}YvÂofilzYtpzGer
ruvÒmpt}Y5eqkvØ}Yz[~lU}¥¡YkGweeeUatilkAtpv¦wlk~ofiezYtpzGerj5}YelG}o/kuùqksrut
Ł;³L;¦¯ÊÒüc^üYONba·²5üYON+SaüS"S"Sa
¶ ü*a*¸Łh3Æª1QÇ
vxÈamQÃQW@lKjzYqkvtmIÃQ ¯W@lQ~wemxmpks QÅ1 ÐKª
tpÈaÄK}Yfh3W@eKÒilkoe
ilkvxÄ¨eweÊ[,(ofilzYtpzGerè5}YelG}ofm(mr}R«Ì}Yv3mptpvxwerutwlvxksmÍÃD&A§t¡¥L
³µ·;¦qþÒüGÓ ÊYÊGÕ^üSONeü²aþaQÏ¤rut©üS"S"Ya
¶ üsË}¸Łh3QÇvÈamsQÅŁKª
tpÈaÄ9¢èp a}YlYz¥~mÈa KÃQQAwemmpks E}YeÃ¿jzYqkvtm=ÎZ
ŁÏº§§Z¡¥YAt¡¢G NŁ6;¬¥·¬­AT j¡G;A¹«;§tè­wRkvsÄüS"S"Qa
¶ üS}¸@ljÇvzaksll¯ÆjjÇ
}vÈYzGwÄ¤ª1jÇKﬀp}vxÈak¡¯e@l §Pj­fGiRtPh3Æª1jÇvÈamsP}Ye
ÃQ atW@l³Awemmpks#êPGieúeruvxks}YmpksofilzYtpzGerf}YeG}ofmnmr}R«Ì}Yv
mptpvxwfrutwlvksm Ł1t¿³µ·;¦5ÊÒüGÓ üSGÕ^üYONba·²ySaKÏ¤rut©üS"S$a;
¶ ÊÍO¸Ł­eGiRth@l §PlÇvzakslv@leÇ
vÈÒm
h3Æª1Ò}YfÂAwemmpks5ÃQ atW@eKÃØilzYtpzGerAf}Ye
G}oŁzYoetr}Y;eqkv^Ä}~lkr}YmmEzY|lGi;tÄGwelkYÏ£L;¡TuGÊYËYÊlÓÂY þ"SYþGÕ^üVNbacQ²ZaËÒ
üS"SYËa
¶ ÊÒü¸§vkG}YúUÆ¨Ð*}YlG}YûÇPW@l­eGi;t@e §PÇ
vÈÒmh3Æª1~wfmmpksÃQ atW@l
jzYqkvtm~ÃEW@ef}YeCªP}YÅŁ §P£L;¡TufÊYË"Yy^üY þ$a·²ySa9üS"S"Sa
¶ ÊYÊ}¸ŁjyU}fzGlz¥¡ÒtrxiÄQÃØilzYtpzGerAf}YeÒÔG}omptpv¦werutwlvksm¹®­§t¬T¡Zµ§z«_jº<4Ł1t
£§···¤Í§«_F;TGÐ~©üÍeÓ ÊGÕ^ ÊYËYþ²yS"YaÄ¨ekÄEüS"SYþa
¶ ÊYþ}¸¯h@YzGieﬁ}YeﬁhEvx}Y{\¤we}Yll%ÏPoftr}YPfmpt}ft,ú}Yeofie}Ymktpv¦}YemtzGfm
}lzYoqks?ofiezYtpzGerf}YfÒÔG}oy}tpkv¦}Y ﬃ¸ºN¤[TZ»;¼;½¯ÒÑ_§ZGL©
°6§th1L¬­Çt1©CZ¡¢ÓŁ1Zi¸ºN¤[;ÕÔ[/YONfÓÂYGÕ^PN"NbacS²aËYËaE¬~z[¡5QüS"S"Qa
¶ ÊONc¸Y®<§Z¬­¡tÆ§«]jº<ÍŁZ/£§LL¤3§«F;T1GÐjEüÍÒf¨lküS"SYþa
ËYË
Ë
Ö

Ë
!&J
Ë

Ö

Ë
!&
¶ Ê"Y}¸§P9azGwlÈYzGwem±¸C§11¢Zj¡È Zﬃ§«jº­FÉ Âq¢Z¼ZZ¡TA¢Öz;LAtLº¶½ﬀ§Z×º§ŁÏ©
ØE;z[×
¦§t¡¾ÙNÚÚZÎGQrxie}oetpkv1ÃilzYtpzGerèf}YeG}ofm}Ye?zar}Yøs}tzG£1¬PªIhAÏ
ª3ymkvxksm5akv¦ksm³ÇPfÃi;amxrmeÅPzYvxlvksr¦iRtf^9­w;Økv¥ÄüS"SYþa
¶ Ê"Q}¸Łj9Ç
wlv¦mptpksú}Ye§PÄ ?ksmmpfwer¦i£ÛÄ§Z¡·Ê¡1¢¾;&A·z§Z¡<ﬃZ¡¢3Łº§t§Z¡<ÍÉE;½
ŁÏºN¤[TLYZ¡¢ÓŁŁ¦t§Z¡<¦K¡YzGwfykþONGÍzY|C¸C§11¢Zj¡È ZÍ§z«Gjº<EÉ Â{N¢Z¨
¼[t¡1¢¶T¬¥¢Z¤Üj¡<T¬<T©ÃDTT=ÙÚÚÝ
É]ÂÞ£ß3LLT©ﬁLLTÐ~$¬~k
U9zYvÈ¯f¬1 UŁ ^Ãksawey-Ã9vxksmmÄüS"S"Ya
¶ Ê$a*¸1ks£azGwlÈYzGwemŁ§Pà¸º§§Z¡¥áAt¡¢¾ NŁ+ﬁ;TZ1©^¸Dz§·A¢Zj¡È t¾§«¶jº­
É ÂâN¢Z¼[Z¡A¢^T¬¥¢Z¤j¡<T¬<T©ﬀÃDh§Z¬­¡¢^ÙNÚÚã¤¬AªIhPÏ ª3yjmpkvxksmqaku
vxksm~je}oeofksnmrkseruksm5ÅAzYv¦lvksrxi;t^Ø­UwRkvs£üS"S"Qa
¶ ÊYË}¸@lK~}v¦t,}Yf§PQks£p ?ksmpfwer¦i£6°±Lz§·1Z¼
jT3Z¡¢ŁÏº§t§Z¡Ï±AZ¡¢· NŁ
¸ºÈ¤
TL3t¡¢ÅTŁŁ¦t§t¡<¦
¡YzGweykþYÊON?zY| É Âä_T·;T;;Ì£;TTFÃ©
ŁŁA¢ÍLL;¡TT69ÅAzYv¦lvksrxi;t^Ø­UwRkvsÄüS"S"Qa
¶ Ê"S}¸atpk¡Yks£Ø¢è!@YzGieemzG}Yf.@eÆÅŁ!@YzG}YelzYoqzGwezGmÅ¸º§§Z¡¥ÅÄÆT¤[TZ;Âµº­
»C§·N¢_«z§Zfjº­A§t¤§4¸Dz·­w;kvjªAr}Ylksy/rÃwefmiekvxmaÊÍYÍGÊa
¶ þÍO¸l1;ÇksemptOY©ÐCzÒe}Y5}Ye}YÒmmIzY|qzYoetr}YfGwelksm~titOØz,fyksemzGe}Ylofilz
tpzGer9f}YeÒÔG}o1¯zGwfee}vxksms®<§Z¬­T¡Z<§«DŁŁ¦A¢¸DºN¤[;¦+acSlÓ üÍRÕ^ma}NRËYþ²ySYÊa
Ð*}s(üS"S"Qa
¶ þÒü¸Łh3P­3vx}Ywemm*}Ye®U Ð(PÅPks}Y~wlkY hjØz,eyksemzGf}Y3ofilzYtpzGer?f}YelG}o
mptpvxwfrutwlvksm³}t~Ë"YÍeyCŁ; Z¡¢ﬁ¸Dº§t§Z¡¥;ÉE;½å6lof}YkUÊ"QaeÅPksr©üS"S"Qa
¶ þYÊ}¸Łh3eÇ
}f}}Yfh3fÐ}tmxwløs}ÈaÔ9ÃEzG}vxøs}tzGCr¦ie}YlYksmAmpoqzGRt}YekzGwem³ksymp
mzG|ávxzGy G}Yf}Ympo¯«Ìlot,z,eyksemxzGe}Y9o5ilzYtpzGerÑruvamt}YmﬂÃD&A§t¡¥L
³µ·;¦qþÒüc^ü*a"acQ²aËaÄÒkoetüS"S"Ya
¶ þYþ}¸ÏŁÒÃK}YRtpkv¥ÒÉ©kk3lªUeÒr¦ilkvkvsÒªUyU}vx¡5ÒÃQeÏLÆÇØv¦ks£@lÆÅŁaÅ¤}oeÈÒweml}Ye
6[­yCRh³z,eyksemxzGe}YofilzYtpzGfr9f}YfÒÔG}o1lk|WksrutKyzaekØ}Ympkv¥¥£L;¡u
ÊYËON^üsËÒüS²aÊÒüp@RwelküS"S"Sa
¶ þONc¸èÐ1Ãie}Yè}Ye ª1ÆªUèÐ}v¦}YeweeÄ ÃilzYtpzGerf}Ye mptpv¦werutwlvkúzY|nt,z
eyksemzGe}YnmpÒmptpksym^{hjilk"tpv¦}YlGwe}vû}tptrukY ¸DºN¤[1ZÍ»;¼;½ÒÐj
N"NfÓ üQGÕ^ Ë"Y"Q"Y²Za üKÏ3rut©üS"SÒü
¶ þ"Y}¸Łª1ÄM9}YeÇ
}Y}Ylkvks£úÐ*}tpkvx}YmmxrkserukÂzYof}Ym}?lk GiRtá£L;¡u
ÊYËYÊy^ ËYË$a·²aËaEÏ¤rutüS"SYËa
¶ þ"Q}¸ŁÇPR¢PzGmm ,É©k¡a 5Òks}vxrxi4Áemxruz¥¡YkvB^pM¤mfk9oevxzYYvksmmKy}Ylk³èþèofilzYtpzGer
ruvÒmpt}YmD¸ºN¤[;YÂ§·¢Z¤=Y ÊlÓ ü*a¥iSGÕ¦'@G}Y(üS"S"Sa
Ë"S
Ë
Ö

Ë
!&J
Ë

Ö

Ë
!&
¶ þ$a*¸ŁjZU}5zGlz¥¡Òtr¦i£fh3f¢¤ytptpkvs5¢ŁfhQwltptkYe}Ye­ÒÉ©kswell9ÃØilzYtpzGerPf}Ye
mptpvxwfrutwlvk"^tilkC|Ö}Yruku,ruks;tpkvksÒ,rwlfrr}YmpkCksyofz¥Òl?lzGfmpoqkvxr}Y
}tpzGym
¸ºÈ¤
TZ¿»;¼;½À³µ·;¦/Q$ab^ ÊYÊ"S"Y²aËaEÏ3rutUüS"SÒü
¶ þYË}¸Łª1Æ1Ç
}YwlGify}Y£uŁKÆªUŁQ ×Rf}YÔÂ§PŁ§
wf ¦Ł­ie}¥;vxwf£¯UÅ¤}Y;t}Ym
@leÐ*}vt l}YeﬃM1lA}YrxilkseÈYzlI§
}vx¯zGÂmptpvxwfrutwlvksm~tiÑtilvkku,eyksemzGf}Y
kvxzÒert,Ñ}t~zYoetr}Y£
}s¡YkskseYtiem£L;¡Tu#Y þ"SÍZ^ Ë"S$a·²ySÍlüüS"SYËa
¶ þ"S}¸¯¥­U}s
}ÈÌ}YyÔ;¨e}ev¦r}tzG1zY|ÒmxwlfyruvxzGyktpkvQþUo¯kv¦zafrKmptpvxwerutwlvxksm©ruzGyè
oqzGmpkszY|Kmá«ÌmzRÊa¹ÃD&A·§t¡¥L³µ·;¦¯ÊON^PN+S²yYÒü'@R}Y(üS"S"Sa
¶ NGÍO¸@ll¨KksylŁ}YfqaÉE£Eh~ilvkku,eyksemzGe}YfofilzYtpzGerAruvÒmpt}Y¯~tin}èmptpzYo
f}Yen|WvzGy ü þ"YtpzüWS"YyŁwey Ł¿L h·;¦©üS"S"Sa
¶ Neü¸@l §¤Ä­eGi;tÄh3Æª1qÇ
vxÈamÄÅŁ Ð©ª
tpÈÒ£©}Ye?ÃQ atW@eÄ~wemxmpks UÃØwlvkmr}
meGku,yzÒlkØfevkAtièilkuÒ}YzGf}YÒofilzYtpzGerruvÒmpt}YÒr}Yeellb ±ﬀkÄæ ÚNçÌ
¡YzGweykUÊaeof}YkŁ§J¤þ"Y"SÍlüKüS"S"Qa
¶ NRÊ}¸@l §¤Q­fGiRtIh3Æª1EÇ
vxÈamIÃQ9atW@lK~wemxmpks K}YeÅ1 ÐIª
tpÈa£*ªP ,mr}
meGku,yzÒlkzYoetr}YReqkvQ~ti1ofilzYtpzGerruvÒmpt}YÒr}YeellŁ;ﬀ³µ·;¦
ÊÒüGÓ üSGÕ^üYONba·²ySaQÏ¤rutEüS"S"Qa
¶ NRþ}¸@lÆ­R~}YlÈ}ÒRU ¯$ ﬁelkskv¥G}Yeª1W@laatpks;tpøYBMPmxfk
ruzGRt;wewfy Ykslkvx}Ì
tzGè1}YvImr}~yruvzGmptpv¦werutwlvkØzYoetr}YaeqkvxmÄAti1}YezGy}YzGwemQempoqkvxmxzG
}tAËÍYÍÑey-
}s¡YkskslYtiÄ]Ł;³µ·;¦qÊ"YlÓ ü¥Õ^ Ê"Y²Za;£ÊÍYÍYÍÒ
¶ N"Nc¸@lÆ­ÒA}YlÈ}Òf ¯Z ﬁelkskvsa}Yf}ÒW@l5atpks;tpøYØÏPoetr}Y¯oevxzYo¯kvxtksmzY|EieGi
lkst}P}Yvp,mxr}jy/ruvzGmptpvxwfrutwlvkzYoftr}YaeqkvxmŁ¿LÊ³L;¦aÊ"YlÓ üYü¥Õ^macS"Q²
Ëa5ÊÍYÍYÍÒ
¶ N+Y}¸@lÆ­f~}YlÈ}/}YfC ¯# flkskvs¬AzGelks}v~;tpkvx}YrutzGemAC}Yv,mr}èy
ruvzGmptpv¦werutwlvkPzYoetr}Y5eqkvxmCŁ;Eè¶ŁÏº§t§Z¡ÏLÉE;½å6£üYüGÓ ËGÕ^ ÊÍ
²yYa¯ÊÍYÍYÍÒ
¶ N+Q}¸ŁhQ}YRG}Ò¤ÐCzGlvxzlPÅŁ~Arxie}v¦empzG£P}Ye¬1jÇØvxzalkv¦rÈ¯ AzGkeevksm^}Y
kß/rks;tAyzae}Y©yzaeks ®<§Z¬­¡ZÆ§«³åh ZºÈ½ﬀt¼ZG1;ºN¡§tÇ§A ¤Kü*ab^üÍ$SYþ²5üYüÍGÊa
ﬀwelküS"S"Sa
¶ Nba*¸¯jØÇ
}vÈYzGwÄG@lÇØvxz;ksllj}Yfª1ØÇKﬀ}vÈak¡5Å¤mpoqkvxmxzGoevzYoqkvtksm/zY|
ofilzYtpzGfrjf}YflG}oÑGwfelUeqkvxmµ¶ﬀkÄÚNÚ¿T¢Z¤lof}Yksm¤üYü*a·²ySa©üS"S"Sa
¶ NRË}¸@lÇvz;ksel~ÅŁ
ÐzYGk¡Òmptpk¡¯PatljØÇ
}vÈYzGwÄ~}YeªUÇ'ﬀpkvÈÒk¡¯®Ãilz
tpzGernruvÒmpt}Y
eqkvxm^/ªlk-r}YmxmèzY|~zYoetr}Y
}s¡YkGwelksméŁ¿Zi1L
ALºN¡§Zh§A ¤Ì=Yy^ þÍ$Y²aþÍÒIüS"SYËa
SÍ
Ë
Ö

Ë
!&J
Ë

Ö

Ë
!&
¶ N+S}¸Łh3eª1eÇ
vÈÒm`@lf§Pe­eGiRtl}YeÃQ5at#@eÒAwemmpks EØeeksmmxmlGku,yzaek
ofilzYtpzGfr3ruvÒmpt}Y£eqkvsŁ;³L;¦¯ÊYÊlÓ üsþGÕ^WS"QÒü²aþap@Gwe*üS"S$a;
¶PYÍO¸Łª1ÒÇKﬀ}vÈÒk¡5@lÒÇvzaksll5¯;Ç
}vÈYzGwÄe}Yen­aÅPvxe ÄÅ¤mpoqkvxmzGoevzYoqkvtksm
zY|9ofiezYtpzGerŁruvamt}YEf¯kv¦m: 6ÃD¬­§TŁ<AZ¡êÄ§Z¡·«·;A;¡Y§Z¡¶§Ł¿ZÊ1§ZGG¬­¨
¡¥1t§Z¡<6fof}Yksm1üsþ"Y²yQaqÐ*}Ylvx£fakoetpksy1¯kv1üS"SYËa
¶PYÒü¸Łh3Æª1¯Ç
vxÈamqÅŁÄÐCzYGk¡;tmpk¡¯'@l §Pq­eGiRtqÃQ atW@lq~wemxmpks ¯ÃEW@e£ÇØvxz;ksll
@ll}Yen~zY¯kvxtm#@lÆª1Z ?ksmptfÅŁ §PlªA}Y£Ò}Ye¥@l §Pl¨e} ﬀ}vxlzlIhjiek¤}Yf}YzYY
qkt,kksofilzYtpzGfrØruvxampt}YÒfevksmK}Yemptpkoflkueevksmsy =ﬀkÄÚNÚi¢Z¤
¡YzGweyk3|ávxe}sYlof}Yksm1üYüVN[²5üQaIüS"S"Sa
¶PY Ê}¸ŁhQ}YRG}Ò;ÐRÐzGlvzlRÅŁW@lYArxie}v¦empzG£G}Yeè¬1 ¢ŁGÇvzÒlkvxrxÈ5eß/rks;t9yzal
kslèzY|QilzGkÑeqkvxms_ ÀﬀÄÚÚ«T¢NZ¤fof}Yksm1üYüYü²5üYüsþaQüS"S"Sa
¶PY þ}¸Ł¨lÇØvxkvxrxilkt`@eÒÐ*}vxruzGw£l}YeÂÅŁÒÃK}GlzGwl¯QªArrwlv¦}tpk¤ruzGyofwlt}tzGÂzY|Ätilk
rxievzGy}trfmpoqkvxmzGnwfeyzÒe}Y¯ofilzYtpzGer3ruvamt}Y£eevksms9µﬃÃ]ÄD ÄÚÚ
of}Yksm:²aÊ"Q²aÊ$a;KüS"S"Sa
¶PYONc¸ŁÆÅŁYÐCks}YekYª1 ÐÌA}oeoqkYÌ­ÆÅŁÌÇØvxzGyykvs$@lÆÅŁc@YzG}YelzYoqzGwezGm[}YeèÏŁÆÉ9
ªPkvxie}YeÄÌªPrrwlvx}tpkØtilkzYvktr}Y;}Ye}YÒmmqzY|ÒofilzYtpzGerKf}YeÒÔG}oUy/}tpkvx}Ym
¸ºÈ¤
TZ¿»;¼;½ÀÐ~NRËlÓ üYü¥Õ^ ËONRþON[²Za;QakoetEüS"SYþa
¶PY"Y}¸Łª1ÆªU;Ð*}vx}Yewfeè}Yeª1ÆRÐ*r¥¢¤wlvxÄ5ÃiezYtpzGer
f}Yemtpvxwerutwlvk
zY|q}3tpvxwel
r}tpks£Òt,z,eyksemzGe}YÔRoqkvxzÒer³eksksrutpvxr³yksfweyå®<§Z¬­¡ti§z«jº­4Ł¨
1Z£§·LL¤§«FL1ﬁÐ~ÄüÍeÓ ÊGÕ^ þÍ+a·²5üsþa©¨lkÄEüS"SYþa
¶PY"Q}¸Ł­ ÐyAzlf§PÆh3e§
ie}Y£a}Ye§P Ð(eazGwlÈYzGwfm£IlmptpksfrukAzY|©}1ofilzYtpzGfrjG}o
noqkvxzÒerPeksksrutpvxr¤mptpvxwerutwevksm¹¸ºÈ¤
TZ¿»;¼;½À³µ·;¦/Q"YlÓ Ê"YGÕ^ þÒüY Ê²
YafÅPksrEüS"SÍÒ
¶PY$a*¸¯Æ~GÇ}vxÈYzGw£y@eÇvzaksllR}YfªUGÇKﬀ}vÈÒk¡5q¢¤wee}YfrukzY|qGi;tK}YzGl}Y}Yv
ruzGwey/}lk®r}Ymm³zY|KzYoetr}Y£f¯kv¦mﬀ§TŁÏ¨É¤tÖlof}Yksm1üQ²aÊÒüQüS"S"Sa
¶PY Ë}¸@l §¤¯­fGiRt£h3Æª1qÇvÈamsqUÆ¨Ä§
vkG}Y£©atW@lÆÃQ£~wfmmpksëYÃilzYtpzGerŁruvxam 
t}Ym3}Ym¤zYoetr}YEfevksm^jo5iRÒmrm£}YeÎ}oeo5r}tzGem1ëÒ¤ÃØilzYtpzGerŁruvÒmpt}Ym3}Ym
zYoetr}YÒfevksmE£ofiRÒmrmK}Yeè}oeo5r}tzGemsT¬Ï;Gj1¢E§FŁ1t°6tLZ¦
ÊÒüGÓ üSGÕ^üYONba·²ySaQÏ¤rutEüS"S$a;
¶PY"S}¸¢Pz[¡af£QÃ%ª~Yvx}¥¡Ì}YÔ¶ﬀ;T¨TŁÖÄ§tEG¬­¡¥1t§Z¡´£¥¤[TL©]ÎÈÌA¢tj§Z¡e
@YzGifk kÍÁ%ÒzGemÄüS"S$a;
¶PQÍO¸ŁhjilkèruzGwlofksruzYvxkŁo5ilzYtpzGer1f}YelG}oÎeqkv3;tpvzÒewerukstiekè}YmptPr¦ie}ol
tpkvCy}¥qkmkks}Ym}eqkvÂtie}tnkuao5zGtmÂqzYtioefkuùqksrutmC}YeﬁyzYvk
tpvx}YetzGlksqkuùqksrut¡Yk1flkuÑkuùqksrutm
SÒü
Ë
Ö

Ë
!&J
Ë

Ö

Ë
!&
¶PQÒü¸ŁÇP¯Òr}Y|WkY¹¸DTj¡LŁ&T§«¢tLh1·TL¦
§³}vkselzGnÃvksmmÄüSYË"Sa
¶PQYÊ}¸Łª1 $jÒRÒlkvn}YeT@l
ÅŁÉ©z¥¡YkYìŁ1Z3íﬃt¼Z ¬­¢NÂµº­A§ZT¤ ­w;Økv
ªPr}YlksyrÃØwlfmilkvxmÒÊÍYÍYÍÒ
¶PQYþ}¸Łh39ÐÐCzGlvxzlØÃQ9@l9Çkselktpt¬UØ¢ŁIUKÇvzÒlvxrÈ¯}YeúÅŁ!@lI~rxie}vxl
mpzG£¥AzGk?eqkvxm~ti?vx}YflzGy r}YfelCemptpvxfwetzGemÖŁ¿LFh·;¦
Ê"YlÓ?N;Õ^ ÊÍ$Q²aËa©ÊÍYÍYÍÒ
¶PQONc¸¯Æ~ÆÇ}vxÈYzGw££É©qzYvx B@l5Çvzaksll£jq­aweempksÄ5ª1¯ÇKﬀ}vÈak¡5q}YejUÆU£Ò
yzGemks£ﬃPGiÒÔfvk|áv¦lYks;tPo5ilzYtpzGerruvÒmpt}Yeqkvsv ¯ﬀkÄÊîtÙ±¬Ï;;¢Z¤
ªPe}Yilksy5§³ªUe 3Òª15ÊÍYÍlü
¶PQ"Y}¸@YksmsqÇvzaksllE¸Dº§t§Z¡ÏÍLT¤[TZ<Lz;¦UÃØieÅ tieksmm£hEksrxieer}YQwfe¡Ykvxmt,
zY|Ilksey}vxÈ5fakoetpksy1qkvUüS"S"Sa
¶PQ"Q}¸@l5~mxilkslkYf¯ÆjÆÇ
}vÈYzGwÄ5É©¯zYv¦ lªUfÇKﬀ}vÈÒk¡5B@lfÇvzaksll5}YfCjf­U;wel
mpks£lÃØilzYtpzGerruvÒmpt}YaeevksmK}Ye1kuù¯ksrut¡Yk~elku}oeofvzG}Yrxilksmsµ4ÃD¬­z§Ł<1Z¡
Ä§Z¡·«·;A;¡ §t¡ÖŁ1ZÄ§ZGG¬¡Ït§t¡elof}Yk~o5}o¯kvlzlRhjiÄÆªUüWYaeÊÍYÍlü
¶PQ$a*¸Ł­3vxmpt}Y|AzGwlG}Y}vxÄQA}vkuÔks}vtiÒ,lzYoqksÂofilzYtpzGfr~ruvÒmpt}Y¯eevxksmEÐ*}YmptpkvLÆm
tilksmme Af¡YkvxmtOÑzY|KÅPksey}vÈ¯5ÊÍYÍGÊa
¶PQYË}¸ŁhQ}YRG}PÐ([ÐzGlvzlO (}YtpkvKÇks}vxe [­3ksRt}vxzA¨ewlv¦wem}s
}ÒY¬U ¢èÆ¥ÇvzÒlkvxrxÈ5
}YeÅŁW@lGArxif}vxempzG£eÐ*ruvzGmptpv¦werutwlvksèzYoetr}Y;fevksm^QlkúzYoeoqzYvtweetksm
|WzYv9mpksemel¥¸C§11¢Zj¡È Z§z«k£¸ﬀßzÃÀ¨Âµº­Cß¡ÏL¡§Z¡ZÏ£§LL¤Ê«L§Z]Ł1t
ÃD¡ tj¡1Lj¡È YNeüsË"Yy^ Ë"S"Y²aË"S"SaQÊÍYÍYÍÒ
¶PQ"S}¸Łh3ÄZ%vksemks£'@lqÇØvxz;ksll£ª1£Ç'ﬀ}vÈÒk¡¯q~¯­U;wefmpks£5}Yf?qÆjÆÇ
}vÈYzGw?É©
qzYvx nÐ}YruvzÔqkseflzGmxmoevkzYoqkvtksm3zY|³ofilzYtpzGerruvÒmpt}Y9efvkY3ßzÃ¹ÃﬀÃ
ÃD&A§t¡¥L_³µ·;¦5þ$aÒÓÂYGÕ^ ÊYË$a·²ySaQÊÍYÍlü
¶XaÌÍO¸Łh3Q%vksempks£_@l©ÇvzaksllEª1©ÇKﬀ}vÈak¡5KjÄ­aweemks£Q¯Æ~ÆÇ}vxÈYzGwÉ©¯zYv¦ 
1KÒyzGempks£Q}Ye @eÆ_@Gksempks£Ð*}YruvzYqkseel*zGmmofvzYoqkvtksm3zY|
ofilz
tpzGer/ruvamt}YIeevksm~ti?e ùqkvks;tU}Yv5lÑ|áv¦}YrutzGemﬃµÅÃ]ÄD Äæ Î­îîtÙ
of}Yko5}o¯kvAlzl ?kYÆÃQüqÊÍYÍlü
¶Xa ü¸Łª1fÇKﬀp}vÈÒk¡¯fh3ÆÃQ#P}Yempks£5­`~zGweG}Y}vx£qqÆjÆÇ
}vÈYzGw£fÉEqzYvx Òjf­U;wel
mpks££}Ye·@eqÇvzaksllUÐ*ruvzYqkseel/ofilzYtpzGfr1ruvxampt}YQefvksmjj}YÎwet
y}tpkUzGmmjy/t~> ﬂÃ ÄD Äæ ÎîîtÙYfof}Yko5}o¯kvjezl` ?kYÆÉ9 ÊaPNl
¶XaÊ}¸ŁÇPW@lIÐ}YeG}Y£@lQª~vxvx}G}Ò9h3Æª1QÇ
vxÈam9@e §PQ­UeGi;tK}YfÃQ9atW@lK~wemp
mpksÔUÃilzYtpzGfr1ruvxampt}YKfevkŁ~tiÎ}milzYvtO}¥¡YkskslYti(rwetpzùQ4³/[·;FZ¡¢
ÃD&A§t¨TŁ;©EÎ­îîîtÌFÑÄ/³µÃ ïÎîNîîÔZÌYÄ§Z¡·«·;A;¡T±§Z¡e
of}Yksm,QÍ$QÓ²yQÍ+a;
ÊÍYÍYÍÒ
SYÊ
Ë
Ö

Ë
!&J
Ë

Ö

Ë
!&
¶Xaþ}¸ŁÇPW@lÄÐ*}YlG}Y£K@lqªAvvx}G}Ò£h3Æª1£ÇvÈams@e §P¯­UeGi;tq}Yf*ÃQ ¯W@eqAwemmpks 
¨ewefe}Yyks;t}Y ,yzÒlkrwltpzù(}èofilzYtpzGfr3ruvÒmpt}Y£eqkv
~ti}ekoevksmmpksl
eekuÂruzYvkYEŁL³µLL16¯Ê"QlÓ üSGÕ^üVN+Q"S²Za üEÊÍYÍlü
¶Xa}Nc¸@Yksmo¯kv¥QAmilksekY*Çvx}YÔYvx}teGm(o5ilzYtpzGerÂruvÒmpt}Yeevksm?Ð*}YmptpkvLÆm
tilksmmejksmpks}v¦rxi*§ks;tpkvP§jÏÐ(ehEksrxiefr}YÄ Pe¡Ykvxmt,/zY|KÅPksey}vÈ¯fÊÍYÍGÊa
¶XacY}¸@leÇvzaksll5¯e~lÇ}vxÈYzGw£fh35Z%YflkvG}vvxÄa}Yeª1fÇKﬀ}vÈak¡5IªPe}YÒmmzY|
}YvpÔGwfelŁofilzYtpzGfr¤f}YenG}o*eqkvxmŁ;³µ·;¦¯ÊÍYÍYÍÒ
¶XacQ}¸¯Æ~Ç
}vÈYzGw£:@l9Çvzaksllj}YeªUÇKﬀ}vÈÒk¡5ÉÄks}È}YkuÔ|ávxkkYjGwee}YfrukCzY|
Gi;tIèilzGz[úruzYvk³zYoetr}YÒeqkvxmsy 6Ä/³µÃ 4æ Î­îîîÌGo5}YksmþÒüS²aþYÊÍÒlÃQ}oqkv
§ ﬁ­eNGÍÒ¯Ò}Y¨lvx}Yermxruzl¯§
ª1f ¤lªUfÐ*}sta¥xüsÊÑÊÍYÍYÍÒ
¶Xa"a*¸¯Æ~KÇ
}vÈYzGwÄJ@e9ÇØvxz;ksll}Yeúª19Ç'ﬀ}vÈÒk¡¯Òr}Ì,}YvŁofilzYtpzGernruvÒmpt}Y
eqkv3lksmG*tie}t3oqkvxytm~
}s¡YkGweelna}ntpvxwlkŁofilzYtpzGerUf}YflG}o?k|
|WksrutŁ;³µ·;6¯ÊONfÓ ü¥Õ^PN+Q²aËa'@G}Yawe}vÎüS"S"Sa
¶XaË}¸¯QÇ}vxÈYzGw£9@lEÇvzaksllI}YeªUQÇ'ﬀ}vÈÒk¡¯nÃØilzYtpzGer/f}YelG}oeqkvxm,µ
³µÃ D£¹æ ÚÚeof}Yksm;QÒüY²yQ/ÃK}oqkv
 ÎªAªŁüql}YC¨lvx}Yermruzl¯§
ª1f 3ÒªUe¬Az¥¡¯ Ë[
üYüüS"S"Sa
¶XacS}¸@lﬁÇvzaksll h3Z%YelkvG}Y}v¦£¯ÆjﬁÇ
}vÈYzGw£ ÃQ Ð("Ç
}vqkstpzl }Ye
ª1ÄÇ'ﬀ}vÈÒk¡¯f (}¥¡YkGwee}Yeruk/;tilkèofilzYtpzGer15}YelG}o?kuùqksrutUzYoetr}Y
eevxksmC®­ÌÕŁÌÇ]i¸C¬ADŁŁhÌCŁÌ©üc^PNba"a·²aËYÊaIüS"S"Sa
¶ ËÍO¸Łª1EÇKﬀp}vxÈak¡¯_@e©ÇvzaksllI}Ye¯Æ~©Ç
}vÈYzGw£¬~k lk¡YkszYofyksRtm1?ofilz
tpzGerUruvamt}Y£eevksmsÄµﬂÉFﬀ»_ÂiØÃ¹»kÉðﬀ¸]ÂißZÄÆ£ÓÎîîNîÌ5o5}Yk1þÒü5 Aoeofm}Y}Ò
akslks£#@RwelkQ[OËa` R¡ÒtpksCÃK}oqkvAÊÍYÍYÍÒ
¶ ËÒü¸@lØÇØvxz;ksllj¯Æ~9Ç}vxÈYzGw£³}Yeûª1ÇKﬀp}vÈÒk¡¯g (}s¡YkGweel(atilkofilz
tpzGerAf}YeÑG}onkuù¯ksrut& ÓÙNÚtjº6Â§Ł1t°Ö1·ª¡ F§«FÂµº­ÃD£elÐ}v¦mpksksms
¨lvx}YfrukYqakoetüS"SYËa
¶ ËYÊ}¸Łª1GÇ'ﬀ}vÈÒk¡¯+@lYÇvz;ksela¯YÇ
}vÈYzGw£R}YehG%YelkvG}Y}vxÄÒ¨fweee}Yyksf}t
lkyruvzGmptpv¦werutwlvks/eqkv9}¥¡YkGwelksmØ|WzYvØoqzYtpks;t}YfmpksfmpzYv}ofofr}tzGfm
 ´³µßZñÊØÍÂòkﬀ»f³µßzåÃfÚÚ³of}YkÃK}o¯kvﬃ ENlPNlA§³}Yerwe\èÆjÐCkulruzl
@GwfÂÊ$a¥OþÍ*üS"S"Sa
¶ ËYþ}¸Łh3P $UÇkvlª1Ç'ﬀ}vÈÒk¡¯|@lÇvzaksllÑ¯ÆjÆÇ
}vÈYzGwÄUÉ©qzYvxÔ1j­U;wel
mpks£qh3£Z%YelkvG}Y}v¦£5}YeÐ( ¢èqÅPÒelG}Y}vxÄjÃEzG}vxøs}tzG*oevzYoqkvtksm~zY|
ilzGlkÒruzGy1l,mptpvxwerutwevksofilzYtpzGer/f}YelG}oeevxksmÖ®<ÌŁ¿Ì¦ﬀ¸D¬­A4DŁŁhÌ
ŁÌ5Êy^WY ËON[²aËaÄÊÍYÍYÍÒ
SYþ
Ë
Ö

Ë
!&J
Ë

Ö

Ë
!&
¶ ËONc¸@lÄÇvzaksllQÅ1QÐCzYGk¡;tmpk¡¯9¯ÆjÆÇ
}vÈYzGw£EÉ©qzYvx £ª1©ÇKﬀp}vxÈak¡¯©}Ye @lÆ
@Yksfmpks£qÇvk|áv¦lYkseruk~ofilzYtpzGer³ruvamt}YeeqkvxmB 6ﬀÃﬀÃ]Äó­ß[ Äæ Î­îîtÙ
of}Yksm~of}oqkvjlzlfhQw5¢²aþa¯aÒelkYeªPwemptpv¦}Y}Ò#@Gwfü6iY/ÊÍYÍlü
¶ Ë"Y}¸¯Æ~fÇ
}vÈYzGw£B@eeÇvz;ksel5}YeCª1fÇKﬀ}vÈak¡5ÃØilzYtpzGerf}YelG}oCf¯kv¦mÄµ
³µÃ D£¹æ ÚÚeof}Yksm;QÒüY²yQa£l}YC¨lvx}Yermruzl¯§
ª1e ¤lªMüS"S"S|µ;¡Òtpks£
¶ Ë"Q}¸@lÆÇPI¬Pksmpks£9h9%YelkvG}Y}vxÄØ¯ÆjIÇ
}vÈYzGw£ªUIÇKﬀp}vxÈak¡¯}Yeg@eQÇvz
ksll£h³z,eyksfmzGe}YÒÈ}YzGy dkAo5ilzYtpzGer
f}YflG}o
}s¡YkGweekY¸º§t§t¡¥L
ÂA;ºÈ¡§Zh§A t¤F³µ·;¦©üsÊlÓÂQGÕ^WQYþÍ
²aþYÊaQÊÍYÍYÍÒ
SON
